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Abstract 
The least cisco (Coregonus sardinella) is a whitefish species broadly distributed 
across the Arctic regions of Russia, Alaska, and Canada, and little is known about the 
genetic relationships among groups within this species. We investigated the genetic 
relationships among least cisco on two landscape scales. On a broader landscape scale, 
we investigated the relationships among populations across the state of Alaska by 
comparing mitochondrial DNA (mtDNA) sequences. On a finer landscape scale, we 
investigated the relationships among least cisco populations in closely located lakes on 
the Arctic Coastal Plain by comparing microsatellite DNA haplotypes. Data from 
mtDNA suggest that least cisco are relatively diverse across Alaska, with 68 unique 
haplotypes found in 305 individuals and a large proportion of genetic variation is shared 
across Alaska, but this variation is not homogeneously distributed across all regions and 
for all haplotype groups. Interpretation of microsatellite data was limited. Overall, the 
data suggest that least cisco populations are currently isolated from one another. Isolation 
also occurred historically, accounting for divergence among major clades. But general 
recontact events occurred as isolated populations migrated and colonized new habitats, 
accounting for the heterogeneity found across Alaska. Ultimately, Alaskan least cisco 
may have functioned as a metapopulation historically, but present populations are too 
isolated to be considered a metapopulation today. 
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General introduction 
This thesis is organized into three main chapters. The first presents a review of the 
literature, concepts and methods used to develop and complete the studies presented in 
the subsequent two chapters. The review consists of three major sections: genetics and 
geography, least cisco (Coregonus sardinella) biology, and possible effects of climate 
change on least cisco. The genetics and geography section reviews the concepts used in 
the study of phylogeography and population genetics. The least cisco section is a 
summary of background information on the evolution of salmonids (salmons, chars, 
trouts, whitefishes and their relatives) and coregonins (the whitefish and cisco group of 
salmonids), and on the life history and distribution of least cisco in Alaska. That section 
concludes by addressing the importance of whitefish to Native Alaskan subsistence 
culture. The final section of the first chapter summarizes current views of the potential 
impacts of climate change on the hydrography of Alaska and includes suggestions for 
possible roles for freshwater fish as indicators of change. 
Chapter 2 presents a study of the phylogeography of least cisco in Alaska. This 
study is based on an examination of the spatial distribution of mitochondrial genetic 
diversity across the state. Results from this study showed that least cisco are genetically 
diverse across Alaska, with 68 unique mitochondrial haplotypes found among 305 
individuals sampled. There is evidence of incipient genetic differentiation between the 
major regions included in the study. Overall, the data show that a large proportion of 
genetic variation is shared across Alaska, but this variation is not homogenously 
distributed across all regions and for all haplotype groups.  
Chapter 3 consists of a population genetics study focusing on least cisco 
distributed in freshwater lakes across the Arctic Coastal Plain of Alaska. Little is known 
about these populations, including life history patterns and population genetic structure. 
To better understand the genetic structure of these populations, I examined microsatellite 
genotypes from eight Arctic Coastal Plain lakes. Conclusions from this study are 
constrained by considerations of data quality that are discussed in the chapter.  
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Overall, the results from analyses presented in this thesis show substantial level of 
genetic diversity in least cisco in Alaska and significant levels of genetic differentiation 
between populations in different regions of the state. 
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Chapter 1: Literature review 
Introduction 
Here, I review the concepts and methods used in this thesis, including 
phylogeography, population genetics and the biology of least cisco. Studies of 
phylogeography and population genetics both provide information about the history of a 
species and in combination with geologic history, they can improve our understanding of 
evolutionary processes (Lomolino et al. 2006; Riddle 1996). I then examine these 
concepts in more detail, first in the context of the diversity of fishes in the salmonid 
subfamily Coregoninae, then with a specific focus on least cisco (Coregonus sardinella), 
the focus of this study. Because the least cisco is broadly distributed across a large 
latitudinal gradient in Alaska, they are exposed to diverse environmental conditions. I 
describe the habitat characteristics by region and what is known about least cisco biology 
across a range of latitudes, with special emphasis on the higher latitude habitats where 
very little is known about least cisco populations. Because the least cisco has not been 
studied extensively, the information presented in this thesis provides a useful baseline of 
genetic relationships among populations across Alaska. As climate change alters Alaskan 
freshwater habitats and change connections and barriers to gene flow for freshwater 
fishes, future assessments of genetic relationships among populations can be compared to 
this baseline information, and this knowledge can guide future management decisions. 
Genetics and geography 
The objectives that motivate modern research in phylogeography and population 
genetics can be traced back to the earliest beginnings of biogeographic thought in the 19th 
century. Biogeography traces its roots to the studies of Alfred Russel Wallace and 
Charles Darwin and their theories of biological evolution. A concept underlying their 
theories is that global habitat variation shapes the distribution of species diversity along 
physical and ecological gradients (Darwin 1839; Wallace 1876). Since that time, patterns 
and mechanisms of species richness gradients have been eagerly investigated (Brown 
1981; Hillebrand 2004; Hutchinson 1959; Levinton 1979; MacArthur et al. 1966; 
 4 
MacArthur and Wilson 1963; Ricklefs 2004; Ricklefs 2006a; Ricklefs 2006b; Rohde 
1992). Phylogeography was introduced by Avise in 1987 with the application of tools 
from molecular phylogenetics to biogeographic studies to uncover the temporal and 
spatial processes that shape the geographic distributions of genetic lineages of organisms 
(Avise 2000). In contrast to phylogeographic studies, the concepts and methods of 
population genetics research are often tailored for the study of genetic diversity at small 
geographic scales and evolutionary processes that affect populations over shorter time 
periods.  
The study of genetic variation has helped ecologists address numerous questions 
about a species. For example, multi-locus allele frequency data can provide information 
about population of origin for individuals and how many distinct populations might be 
found in a region (Selkoe and Toonen 2006). Highly polymorphic sequence or 
microsatellite data can provide information about the recent evolutionary history of 
populations, such as recent changes in population size (Selkoe and Toonen 2006). Multi-
locus genotype information can also provide information about genealogical relationships 
among individuals and whether individuals have moved (Selkoe and Toonen 2006). 
Other types of information ecologists may derive from the study of genetic variability 
include dispersal distance of offspring, source-sink relationships among populations, 
population structure and migration patterns in relation to the landscape, 
extinction/colonization dynamics, and connectivity among populations (Selkoe and 
Toonen 2006). 
The influence of the glacial cycles and associated climatic fluctuations of the 
Pleistocene on the distribution of biological diversity in northwestern North American is 
the subject of a significant attention among phylogeographers (Shafer et al. 2010). Much 
of Canada was covered by ice-sheets during the Pleistocene. The largest recent ice-sheet 
coverage occurred approximately 20,000 years ago (Clark et al. 2009), and glacial 
advances and retreats, known as Croll-Milankovich cycles, occurred regularly (Imbrie 
1985; Muller and MacDonald 1997). Populations of northwestern North American biota 
survived in glacial refugia and other suitable habitats (Holderegger and Thiel-Egenter 
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2009). The two major ice refugia were Beringia and the Pacific Northwest (Shafer et al. 
2010). The Alexander Archipelago, Haida Gwaii, and the Canadian Arctic have been 
suggested as other important refugia (Macpherson 1965; Pielou 1991).  Species also 
survived the ice ages by shifting their ranges across refugia. These groups were often 
isolated and genetically differentiated from conspecific populations over time, which 
shaped the surviving genetic diversity within species (Shafer et al. 2010). Today, species 
with broad geographic distributions are exposed to diverse environmental conditions 
across their range, each with a unique suite of environmental conditions to which 
organisms must adapt, leading to subpopulations that exhibit unique genetic 
characteristics (Witt et al. 2011).  
Phylogeographic studies have demonstrated that Beringia was a refuge for 
numerous species, including: mountain avens, Dryas integrifolia (Tremblay and Schoen 
1999), purple saxifrage, Saxifraga oppositifolia (Abbott and Comes 2004; Abbott et al. 
2000), locoweeds, Oxytropis spp. (Jorgensen et al. 2003), white spruce (Anderson et al. 
2006), Townsend’s daisy, Townsendia hookeri (Thompson and Whitton 2006), lemmings, 
Lemmus (Fedorov et al. 2003), tundra voles, Microtus oeconomus (Brunhoff et al. 2003), 
thinhorn sheep, Ovis dalli (Loehr et al. 2006), collared pikas, Ochotona collaris (Hoberg 
et al. 2009), Alaska marmot, Marmota broweri (Steppan et al. 1999), Arctic shrew, Sorex 
arcticus (Fumagalli et al. 1999), and brown bears, Ursus arctos (Leonard et al. 2000). 
Phylogeographic studies of freshwater species have shown genetic substructuring within 
Beringia, supporting the refugia within refugia hypothesis. Breaks in ice-sheets and the 
Yukon River are the proposed barriers creating such phylogeographic breaks (Eddingsaas 
et al. 2004; Jorgenson et al. 2003). For example, a freshwater refugium of periglacial 
freshwater lakes likely existed for lake trout, Salvelinus namaycush (Wilson and Hebert 
1998, and Arctic grayling, Thymallus arcticus (Stamford and Taylor 2004), in the 
southeastern portion of Beringia, at the juncture of the Cordilleran and Laurentide ice-
sheets (Dyke and Prest 1987). 
Freshwater fishes are model species in many studies linking patterns of genetic 
variation to geography because freshwater habitats offer limited dispersal opportunities to 
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the organisms that inhabit them (Lévêque et al. 2008). These constraints are partially 
responsible for creating the diversity in freshwater fishes seen around the world because 
populations may differentiate as a result of isolation or trough adaptation to local 
conditions (Lévêque et al. 2008). Phylogeographic studies offer the opportunity to better 
characterize the current distribution of biological diversity and to test hypothesis 
concerning the role of different historical and ecological factors in the evolution of that 
diversity.  
Phylogeography 
Phylogeography compares differences in genetic sequences to trace lines of 
descent back through time (Higgs and Attwood 2009). It explores the impacts of natural 
selection, population demography, and alternative historical scenarios on the spatial 
arrangement of genetic lineages (Avise 2000). It can also be used to identify historical 
hybridization events, hybrid zones, occurrences of introgression (Gonzalez-Rodriguez et 
al. 2004; Hewitt 2001; Swenson and Howard 2005), and geographic determinants of 
isolation. Phylogenies represent relationships among groups or taxa and are used in many 
branches of biology. They are models of inferred genealogical history and can describe: 
relationships among species on the tree of life; relationships between paralogues in gene 
families (Mäser et al. 2001); histories of populations (Edwards 2009); evolutionary and 
epidemiological dynamics of pathogens (Grenfell et al. 2004; Marra et al. 2003); 
genealogical relationships of somatic cells during differentiation and cancer development 
(Salipante and Horwitz 2006); evolution of language (Gray et al. 2009); and 
metagenomic sequences (Brady and Salzberg 2011). The integration of phylogeography 
with species range distribution models (i.e., ecological niche models) can help reveal how 
isolation, speciation, and selection are directly or indirectly linked to abiotic factors 
(Kozak et al. 2008).  
Evolutionary forces such as recombination, mutation, and selection act 
differentially across genomes, according to the role of the gene (i.e. coding or noncoding) 
(Avise 2000; Fu and Li 1999). Evolutionary research relies on the concept that evolution 
imparts heterogeneity among the genomes of organisms within a particular taxon over 
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time (Sunnucks 2000). In animals, DNA is located in the nucleus and mitochondria 
(mtDNA). Phylogeographic studies can be designed to investigate sequences from either 
nuclear DNA or mtDNA, or both. Nuclear DNA is diploid and offspring inherit it from 
both parents. Some parts of the genome contain coding sequences, or genes that are 
transcribed to the amino acid sequences that make proteins, while other parts of the 
genome are not transcribed.  
The mitochondrial genome is haploid and maternally inherited. It has a fast pace 
of sequence evolution because mutation rates are high and mtDNA is not constrained by 
histone proteins in its structure (Gillespie 1986; Li 1997; Nedbal and Flynn 1998; Richter 
1992; Wilson et al. 1985). Most vertebrate mitochondrial genomes consist of 37 
functionally distinct genes, which code for the control region (CR), 22 transfer RNAs, 
two ribosomal RNAs, and 13 messenger RNAs. The CR generally consists of three 
domains, a conserved central region flanked by two hypervariable domains on either end 
of the region that have high rates of nucleotide substitution and high levels of 
intraspecific polymorphisms (Lunt and Hyman 1997; McMillan and Palumbi 1997). The 
CR has been widely used in phylogeographic studies over microevolutionary scales of 
thousands to tens of thousands of years (Ward et al. 1993). 
Phylogeographic surveys of mtDNA variation describe the current geographical 
structure of intraspecific matriarchal genealogies, and this information can yield evidence 
of past and present demographic factors that shape the geographic distribution of 
matrilines (Avise 2000). Variation in mtDNA is an informative measure for 
understanding population demography because: (i) females are generally philopatric to 
natal sites (Avise 2000); (ii) females and offspring generally remain in the same vicinity 
at the beginning of the offspring’s life (Avise 2000); and (iii) strong matrilineal 
population structure implies demographic autonomy for local populations over shorter 
periods of time (Avise 2000).  
Building a phylogeny from genetic information begins with aligning DNA 
sequences from currently living descendants. During alignment, bases are matched across 
sequences, and deletions and insertions are reflected by placing gaps in sequences. The 
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differences among the sequences in the alignment are compared and phylogenies are 
constructed to depict specific evolutionary relationships among taxa. The trees consist of 
nodes connected by branches, where branches depict the persistence of genetic lineages 
through time, and nodes denote the appearance of new lineages (Yang and Rannala 2012).  
Phylogenies can be inferred by several methods that are either distance-based or 
character-based. For distance-based methods, the genetic distance (or degree of 
difference) is calculated between every pair of sequences in the data set. The resulting 
matrix of distances is then used for tree reconstruction. Character-based methods like 
maximum parsimony, maximum likelihood, and Bayesian analysis compare all sequences 
simultaneously to calculate a tree score. Theoretically, these methods can identify the tree 
with the best score by comparing all possible trees that can be created with the data 
(Yang and Rannala 2012).  
Probabilistic models of DNA mutation 
All methods except maximum parsimony use a probabilistic model of nucleotide 
substitution in their calculations (Yang and Rannala 2012). These models account for the 
knowledge that nucleotide sequences within the genome do not all change in the same 
way and at the same rate over evolutionary history. They also account for hidden 
substitutions even though they are not observed when sequences are compared. These 
models allow for a measure of total change, rather than just directly observed change, as 
a measure of dissimilarity. The foundation for all these models of mutation is the Markov 
model, in which the probabilities of state changes are independent of earlier history.  
Model variations include the Jukes-Cantor models (JC69 model) (Jukes and Cantor 1969), 
the Kimura models (K80 model) (Kimura 1980), HKY85 model (Hasegawa et al. 1985), 
and the General Time-Reversible model (GTR).  
Maximum parsimony 
When using maximum parsimony, the best tree to infer from the data is one 
requiring the fewest changes in states of characters. In other words, a ‘good’ tree 
describes evolutionary history with as little change as possible (Felsenstein 2004). 
Parsimony was originally used to analyze discrete morphological characters (Yang and 
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Rannala 2012) but was applied to molecular data during the late 1970s. Fitch (Fitch 
1971) and Hartigan (Hartigan 1973) developed an algorithm for finding the minimum 
number of changes on a binary tree (and for reconstructing the ancestral states to achieve 
the minimum).  
Distance  
Distance-based methods provide a numerical measure of how similar two taxa are, 
with a distance of 0 indicating they are the same, and a larger number indicating some 
degree of difference. This is called the p-distance, or uncorrected distance, and several 
algorithms can calculate this value. A disadvantage of distance methods is that they do 
not use the full information in the data because sequences are transformed to a single 
measure. They are used primarily for quick initial explorations of data (Felsenstein 2004). 
The Unweighted Pair-Group Method with Arithmetic means (UPGMA) algorithm uses 
dissimilarity measures to guess plausible lengths of a metric tree and builds it. At each 
step, the two most similar taxa together are joined, placed equidistant from a common 
ancestor, and then collapsed into a single group. Each step reduces the size of the 
distance matrix by one group/taxon; eventually, all of the taxa are joined into a tree. 
UPGMA places all taxa at the same distance from the root. While this feature might be 
desirable if we believe a molecular clock underlies the data, in other situations it could be 
problematic (Felsenstein 2004). The Neighbor Joining algorithm (NJ) is the most 
commonly used distance method for tree reconstruction in phylogenetics (Saitou and Nei 
1987). It uses a clustering algorithm, which assigns a set of individuals to groups (or 
clusters) so objects of the same cluster are more similar to each other than those from 
different clusters (Yang and Rannala 2012). A hierarchical cluster analysis can be 
agglomerative (starting with single elements and successively joining them into clusters) 
or divisive (starting with all objects and successively dividing them into partitions) (Yang 
and Rannala 2012). Various averaging processes performed at each step smooth out some 
errors in fit. The Minimum Evolution algorithm (ME) (Desper and Gascuel 2002) 
considers each possible topological tree in turn and uses least-squares minimization to 
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determine edge lengths that best fit dissimilarity data. It then chooses from metric trees 
the one with the minimum total of edge lengths (Desper and Gascuel 2002).  
Maximum likelihood and Bayesian analysis  
Maximum likelihood (ML) and Bayesian analysis (BA) are the two dominant 
statistical paradigms in common use for inference of phylogenetic trees. While profound 
philosophical differences distinguish these paradigms, both assume a probabilistic model 
of the evolution of sequences on trees and attempt to find tree(s) and model parameters 
most in accord with the data.  
Maximum likelihood (ML) was developed by R. A. Fisher in the 1920s as a 
statistical methodology for estimating unknown parameters in a model, and for choosing 
parameters that make it most probable to produce the data collected (McAlpine et al. 
1994). Maximum Likelihood tree estimation involves two optimization steps: (i) 
optimization of branch lengths to calculate a tree score for each candidate tree; and (ii) a 
search in tree space for the maximum likelihood tree (Yang and Rannala 2012). The tree 
(topology) is a model instead of a parameter, and branch lengths on a given tree and 
substitution parameters are parameters in the model (Yang and Rannala 2012). This 
process typically assumes a nucleotide substitution model. Using a common rate matrix 
and not needing to consider variable root locations reduces the number of parameters, 
making optimization more tractable (McAlpine et al. 1994). Maximum Likelihood has 
several important statistical properties. Estimators are statistically consistent; that is, as 
the number of trials increases to infinity, estimators converge to true parameters with 
minimal variance (McAlpine et al. 1994). A level of uncertainty exists at each branch 
within a phylogenetic tree. Statistical techniques such as bootstrapping, jackknifing, and 
randomization tests resample the information in a data set (in this case, genetic 
sequences) to infer the variability of parameters in the phylogenetic model (Felsenstein 
2004). Bradley Efron introduced bootstrapping statistical methods in 1979, bootstrapping 
creates a data matrix by sampling whole characters from a set of n characters, with 
replacement, n times, resulting in a group of trees estimating the phylogeny for each 
bootstrap replicate (Felsenstein 2004). Branches in the trees are assigned a probability of 
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occurrence, accounting for the fact that some branches may have a length of zero or may 
not be present at all in some of the estimated trees (Felsenstein 2004). In the final 
consensus tree, we can be more confident that branches with high bootstrapping values 
more likely reflect true evolutionary relationships among taxa. 
Bayesian analysis (BA) was introduced to molecular phylogenetics in the late 
1990s (Li et al. 2000; Mau and Newton 1997; Rannala and Yang 1996; Yang and 
Rannala 1997). The goal of BA is not to infer a single best choice of parameters to fit 
data, but rather to associate to each possible choice of parameter values a probability of it 
being the one that produced the data (Yang and Rannala 2012). Analysis begins by 
specifying a prior distribution on parameters (Yang and Rannala 2012), and the 
probability measures associated with the prior distribution indicate support for the 
parameter values (Felsenstein 2004). Values near 1 indicate strong support, and those 
near 0 indicate essentially no support (Felsenstein 2004). The posterior distribution is the 
distribution of parameters (or models) that are conditional on the data, combining 
information in the prior distribution and in the data (likelihood) (Yang and Rannala 2012). 
Early BA methods assumed a molecular clock, but development of a more efficient 
Markov chain Monte Carlo (MCMC) method, which attempts to give a sample chosen 
from the distribution, eliminated the clock assumption allowing independent branch 
lengths on unrooted trees (Yang and Rannala 2012). 
Population genetics  
In contrast to phylogeography, the spatial scale and time frame of population 
genetics studies are much smaller because they aim to characterize more recent 
evolutionary processes. Levels of genetic differentiation calculated between populations 
over smaller geographic distances can identify isolation by distance patterns (O'Reilly et 
al. 2004; Ruzzante et al. 1999), clinal variation (Nielsen et al. 2004), fragmentation 
(Lemaire et al. 2005), hybridization (Gum et al. 2005), and cryptic speciation (Fillatre et 
al. 2003). Genetic techniques, when applied to fisheries management, have assisted 
managers to: (i) infer connectivity among stocks, dispersal capability of populations, and 
stock boundaries (Bohonak 1999; Kinlan and Gaines 2003; Watts et al. 2008; Watts and 
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Thorpe 2006); (ii) select brood stocks for aquaculture fisheries (Chistiakov et al. 2006); 
(iii) map economically important quantitative traits and identify genes responsible for 
these traits (Chistiakov et al. 2006); (iv) investigate patterns of gene flow across 
landscapes (Olsen et al. 2011); and (v) predict how habitat changes may affect genetic 
connectivity among populations (Olsen et al. 2011). 
Because of the difference in spatial and temporal scales, population genetics 
studies investigate genetic loci that evolve more rapidly. Microsatellite loci are 
commonly used in population genetics studies. They are characterized by short 
combinations of simple nucleotide sequences that are repeated in tandem (Cruz et al. 
2005), are abundant throughout the nuclear genome, are selectively neutral, and show 
high levels of allele polymorphism (Chistiakov et al. 2006). Microsatellites evolve in the 
genome: (i) as frameshift mutations through slipped-strand mispairing during DNA 
replication or repair (Kornberg et al. 1964); (ii) as interhelical junctions during 
chromosome alignment (Wilder and Hollocher 2001); (iii) as base substitutions (Wilder 
and Hollocher 2001); and (iv) as retrotransposition events (Wilder and Hollocher 2001). 
Their distribution across the genome is non-random (Katti et al. 2001) and their density 
varies across the genome (Lagercrantz et al. 1993). Additionally, microsatellite motifs, 
abundance, and mutation rates vary among species (Ross et al. 2003). Mutations of 
microsatellite markers may occur at a faster rate than in coding regions of the genome, 
estimated at 10−2–10−6 per locus per generation (Ellegren 2000). 
Microsatellite loci are amplified through targeted PCR reactions, and the sizes of 
the amplicons are measured to determine alleles. This process of determining alleles of a 
microsatellite is called scoring, and the combination of alleles from multiple loci is called 
a genotype. Scoring errors are a common concern when collecting microsatellite data, but 
no research conventions exist for reporting and mitigating errors (Bonin et al. 2004; 
Dakin and Avise 2004). The most common sources of error are stuttering, large-allele 
dropout, and null alleles. These potentially create consistent allelic and genotypic scoring 
bias by decreasing observed heterozygosity and skewing allele frequencies (DeWoody et 
al. 2006). Slipping by Taq polymerase during PCR can produce stutter bands around the 
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true allele (Jones and Avise 1997; Van Oosterhout et al. 2004). Interpreting stutter 
patterns can be particularly difficult for microsatellite loci with a two-nucleotide repeat 
motif, where true heterozygotes can be misinterpreted as homozygotes (at the larger 
allele). Large-allele dropout occurs during PCR, when the smaller allele of a true 
heterozygote is preferentially amplified, masking the larger allele (Björklund 2005). 
Finally, null alleles cause scoring errors because mutations at the priming site keep the 
allele from producing a visible amplification (Dakin and Avise 2004). 
Quality control is an important factor in reporting accurate results for 
microsatellite data. Although a standard method for quality control has not been 
definitively established, some measures have been suggested for checking data quality. 
These include: (i) rescoring a subset of genotypes to calculate error rate and ensure 
accurate scoring (Selkoe and Toonen 2006); (ii) ensuring all alleles are amplified by 
testing for homozygote excess patterns consistent with null alleles (Selkoe and Toonen 
2006); (iii) ensuring selective neutrality by testing for outlier loci (Selkoe and Toonen 
2006); and (iv) performing defined crosses when possible to ensure Mendelian 
inheritance (Selkoe and Toonen 2006). Another means to improve data quality is to 
redesign primers for loci that commonly exhibit homozygote excess within populations.  
When using microsatellites, statistical analyses must account for characteristics 
like mutation patterns. Because microsatellites are formed by repeating units of 
nucleotide base combinations, new mutant alleles involve a change in the number of 
repeat units. This means that the size of a new mutant allele depends on the size of its 
ancestor allele. The mutational process does not erase information about ancestral states 
(Slatkin 1995). Basic descriptive statistics of microsatellite variation are: number of 
alleles (NA), expected heterozygosity (HE), observed heterozygosity (HO), allelic richness 
(AR), which is included because the observed number of alleles per locus depends on 
sample size. FIS is another descriptive statistic that can show the direction and magnitude 
of homozygote excess or deficit within a population. 
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Hardy-Weinberg equilibrium 
The value for HE is derived from Hardy-Weinberg equilibrium (HWE) equations 
using the allele frequencies given in the data. HWE equations are formulated to test for 
deviations from specific assumptions about the population being examined: random 
mating, normal Mendelian segregation of alleles, equal fertility of parent genotypes, 
equal fertilizing capacity of gametes, equal survival of all genotypes, a closed population 
(no migration), no mutation, a large population size (Frankham et al. 2002). Loci 
generally agree with these assumptions in large, naturally outbreeding populations, even 
if they are subject to evolutionary forces such as mutation, migrations, selection, and 
sampling effects (Frankham et al. 2002). HE is then compared to HO, which is the actual 
heterozygosity measured in a population, often with a Χ2 or pseudo exact test. Significant 
p-values indicate deviations from HWE assumptions. 
F-statistics 
Sewall Wright developed a statistical method to measure the degree of 
differentiation among portions of population of organisms (Holsinger and Weir 2009). By 
assuming that differentiation among these portions, or sub-populations, was directly 
related to inbreeding within and among sub-populations, Wright used inbreeding 
coefficients (F) to describe the genetic diversity within and among sub-populations. In 
Wright’s hierarchical model of F-statistics, he partitioned the inbreeding of individuals 
(I) in the total (T) population (FIT), inbreeding of individuals relative to their sub-
population (FIS), and inbreeding of sub-populations relative to the total population (FST). 
FST is directly related to variance in allele frequency among populations and to the degree 
of resemblance among individuals within populations (Holsinger and Weir 2009). FST is 
low when gene flow rates are high among subpopulations or allele frequencies are similar 
among them, and FST is high when gene flow is limited and allele frequencies differ 
among subpopulations (Frankham et al. 2002; Holsinger and Weir 2009). More 
specifically, FST measures correlations due to common ancestry between random gametes 
from a subpopulation relative to random gametes from the total population (Wang 2012). 
The multiple interpretations of FST are further described in Table 1.1. 
 15 
So many definitions of FST highlight the complexity of calculating and 
interpreting FST values that appropriately reflect levels of genetic differentiation among 
populations. Another factor to consider is that markers must be genetically neutral, 
meaning they are not found in the coding region of the genome or involve synonymous 
codons in a protein. All genetically neutral markers are expected to have the same FST 
value regardless of mutational patterns and rates, because mutations do not alter identity 
by descent (IBD) status (Wang 2012). Mutations do, however, obscure the genealogical 
history of genes because they change genes that had been identical in state (IIS) (Wang 
2012). If certain pieces of information are available, such as pedigrees, that genealogical 
history can be recovered and provide more accurate estimates of FST when combined 
with genotype data (Wang 2012), but this is often not the case for natural populations.  
Although FST should be an unbiased measure of genetic differentiation, factors 
such as the demographic history of a population (e.g. effective population size and 
migration rate), properties of the genetic markers (e.g. diversity and mutations), and 
sampling properties (e.g. sample size) can introduce bias (Wang 2012). The differences 
between genetic (or evolutionary) sampling and statistical sampling highlight how bias 
cannot be avoided. Genetic sampling results from genetic drift, a random process that 
happens in populations over time as a function of effective population size (Ne). Even if 
we went back in time and restarted the evolutionary process for a sampled population 
using the same known population sizes, mutation rates, migration rates, and selection 
coefficients for the current population, the genotype frequencies would usually differ 
because of the random nature of genetic drift (Rousset 2002). Statistical sampling is the 
variation associated with collecting genetic samples from a fixed set of population where 
genotype frequencies are unknown (Holsinger and Weir 2009). Increasing the size of 
within-population samples will reduce the amount of variation caused by statistical 
sampling. Additionally, F-statistics account for differences among sets of populations, 
but these sets are often only a subset of all the populations that exist or represent only one 
outcome of an underlying evolutionary process (Holsinger and Weir 2009). 
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Bias introduced by differences in sample sizes becomes apparent when PIBDs 
(probability of identity by descent), rS  and rT , are considered. By definition (Wang 2012): 
rT = i=1
S
∑ j=1
S
∑ k=1
Ni∑ rik, jl / i=1
S
∑l=1
Ni∑ NiN jj=1
S
∑ 	  
rS = i=1
S
∑ j=1
Ni∑ rij,ik /k=1
Ni∑ Ni2i=1
S
∑ 	  
The PIBD of the subpopulation ( rS ) is a component of the PIBD of the total population 
( rT ), with the result that FST will be partially determined by the sample sizes of the 
subpopulations, with larger sample sizes having heavier weightings in the calculation of 
rT (Wang 2012). Furthermore, rT  depends on s, or the number of subpopulations. The 
actual number of subpopulations in a natural population is often unknown. Because FST is 
estimated from a sample of subpopulations, it may not be truly reflective of the total 
population (Wang 2012). 
F-statistics can also be limited for analyzing data from highly variable loci 
(Balloux et al. 2000; Balloux and Goudet 2002; Charlesworth 1998; Hedrick 1999; Jost 
2008). Over time, other researchers have tried to address the limitations of FST by 
developing differentiation statistics that are conceptually similar to FST. These FST 
analogues include GST (Takahata and Nei 1984), θ (Weir and Cockerham 1984), RST 
(Slatkin 1995), QST (Spitze 1993), ΦST (Excoffier et al. 1992), and D (Jost 2008). Each 
statistic employs specific modifications of the FST concept, although with their own 
limitations. For example, GST measures genetic differentiation due to all evolutionary 
forces, including genetic drift, migration, selection, and mutation (Wang 2012), and is 
appropriate only when the contribution of genetic drift to among population differences is 
not important (Holsinger and Weir 2009). GST is not a reliable measure of genetic 
differentiation when highly polymorphic markers are used (Wang 2012). RST is defined in 
terms of coalescent times, and gives unbiased estimates of differentiation due to 
demography (migration and population size). It is not affected by the amount of within-
population variation, and was especially developed for markers with a stepwise mutation 
model, such as some microsatellites (Slatkin 1995). Mutation rates also do not affect RST, 
and it becomes more accurate with increasing mutation rates, because more mutations 
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allow a more accurate estimate of coalescent times (Slatkin 1995). However, RST is 
limited in that estimates are only satisfactory when mutations strictly follow the stepwise 
mutation model (Balloux et al. 2000). ΦST (for molecular sequence data) is useful when 
accounting for mutational ‘distances’ among alleles. 
Debates about the advantages and disadvantages of using FST and its related 
analogue statistics are ongoing, with disagreements over the conditions in which each 
statistic is appropriate (e.g. genetic markers from different regions of the genome that 
may have varying mutational patterns and rates) (Holsinger and Weir 2009; Wang 2012). 
In a recent publication, Wang (2012) suggested that Wright’s FST is a true measure of 
differentiation due to demographic factors only, whether it is defined in terms of 
inbreeding or coalescence time, and is independent of the type of genetic marker used.  
The next step in population genetics analyses is to perform an AMOVA 
(Excoffier et al. 1992). FST values (or their analogs) are used in this method to analyze a 
hierarchical population structure, where individuals are grouped into populations and 
populations are grouped into higher-level clusters. The AMOVA then calculates within 
and between-groups sum of squares from a matrix of squared Euclidean distances 
between all pairs of individuals (Excoffier et al. 1992; Li 1976). 
Beyond population genetics - metapopulation biology 
Sometimes the a priori assumptions of what constitutes a population or 
subpopulation in a particular species may not be accurate, and the previously described 
statistical analyses may not be appropriate for describing genetic relationships among 
these groups. In these situations, it may be appropriate to view a group as a 
metapopulation instead of as a group of discrete populations. Metapopulation is a term 
used to describe any spatially structured population (Hanski 1998). The fundamental 
concepts of metapopulation biology were established by Levins (1969), in which he 
visualized a metapopulation as a ‘population’ consisting of a number of unstable local 
populations that inhabit discrete habitat patches, and a metapopulation persists as a 
balance between ‘deaths’ (local population extinctions) and ‘births’ (new populations 
established at unoccupied patches) (Levins 1969). Metapopulation biology examines the 
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dynamic consequences of migration and extinction/colonization processes among local 
populations of a species, with the landscape being a critical component affecting these 
processes (Hanski 1998). Metapopulation biology attempts to balance the theories of 
theoretical ecology, which concentrates on complex population dynamics and landscapes 
are considered homogeneous, and landscape ecology, emphasizing the structure of 
complex real landscapes with less attention paid to population dynamics (Hanski 1998). 
The compromise of metapopulation biology is that it views landscapes as networks of 
idealized habitat patches, and species occur as discrete local populations that are 
connected through migration (Hanski 1998).  
Least cisco background information 
Limited information exists on the biology of least cisco. Therefore, this section 
provides an overview of coregonin biology because much of it is expected to be 
applicable to our understanding of least cisco biology. This section also reviews what is 
known of coregonin evolutionary history, and the genetic data gathered in this project 
will help fill in the information gaps on least cisco. Additionally, this section highlights 
the importance of whitefish as a subsistence food for Alaskan Natives. Subsistence 
managers can make more informed management decisions as data from this and other 
projects become available. 
Evolution of Salmonidae 
Least cisco are in the Salmonidae family. Salmonids have been model species for 
systematic and phylogenetic research (Behnke 1972; Crespi and Fulton 2004; Norden 
1961; Stearley and Smith 1993) because their life history characteristics offer an 
opportunity to explore evolutionary and ecological concepts such as mechanisms of 
speciation (Bernatchez 2004), the evolution of complex life histories (Crespi and Teo 
2002), the role of hybridization in evolution (Taylor 2004), and patterns of chromosomal 
evolution (Phillips and Rab 2001). Salmonidae is characterized by a chromosome 
tetraploidization. In other words, the number of copies of some of their chromosomes 
doubled from two to four. Research suggests salmonids underwent a rapid radiation 25 to 
100 million years ago following this tetraploidization event (Allendorf and Thorgaard 
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1984; Johnson et al. 1987). The family is broken down into three subfamilies: 
Coregoninae (ciscoes, whitefish, and inconnu), Thymallinae (grayling) and Salmoninae 
(huchen, lenok, trout, char, and salmon) (Kendall and Behnke 1984; Norden 1961; 
Stearley and Smith 1993). For decades, morphological and molecular data have 
suggested that Coregoninae is the sister group to the remainder of Salmonidae (Stearley 
and Smith 1993; Wilson and Li 1999). A recent phylogenetic study using a more 
comprehensive set of nuclear genes refuted this paradigm, suggesting Thymallinae is the 
sister group to the remainder of Salmonidae (Koop et al. 2008). Such competing lines of 
evidence highlight the fact that even with decades of research, questions about the 
evolutionary histories of salmonids remain (Crête-Lafrenière et al. 2012). 
Evolutionary relationships among salmonids remain unresolved because of 
limitations from biological factors affecting salmonids, such as parallel and convergent 
evolution caused by species having similar ecological niches, rapid radiation, frequent 
hybridization, and local adaptation (Kinnison and Hendry 2004). Furthermore, 
evolutionary relationships remain unresolved because of a lack of more comprehensive 
genetic surveys (Bernatchez 2004; Koop et al. 2008). Although a recent comprehensive 
phylogenetic analysis of Salmonidae supports the monophyly of the Coregoninae 
subfamily (Crête-Lafrenière et al. 2012), lack of resolution is especially apparent within 
Coregoninae because of difficulty in species identification (Crête-Lafrenière et al. 2012), 
parallel evolution (Bernatchez 2004; Østbye et al. 2006), phenotypic plasticity (Lindsey 
1981), recurrent trophic polymorphisms (Bernatchez et al. 1999; Douglas et al. 1999), 
contemporary hybridization (Taylor 2004), and historical introgression (Turgeon and 
Bernatchez 2003). The widely accepted morphological groupings of coregonids into 
whitefish and ciscoes may also not reflect evolutionary history (Bernatchez et al. 1991), 
in that recent analyses have shown that members of the sardine cisco clade (C. sardinella, 
C. albula and C. peled) are grouped with ‘true’ whitefish species (Crête-Lafrenière et al. 
2012). 
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Evolutionary history and biology of Coregonus 
Coregonins (whitefishes, ciscos and roundfish) have been model species from the 
onset of phylogeographic and population genetic studies, with such studies helping to 
advance and modify theories and methods in both (Bernatchez 2004; Bernatchez et al. 
1999; Bernatchez et al. 2010). The northern aquatic ecosystems coregonins inhabit offer 
ideal conditions in which adaptive radiation can take place, which occurs when 
individuals of an ancestral lineage are exposed to differing environments with associated 
differences in selection pressures (Bernatchez 2004). Whitefishes are classified in the 
subfamily Coregoninae of the family Salmonidae. Coregoninae includes three genera: 
Prosopium, Stenodus, and Coregonus. Prosopium is characterized by a single nasal flap, 
parr mark retention, and the presence of a basibranchial plate, which is not present in 
Coregonus or Stenodus (Norden 1961).  
The genus Coregonus is relatively diverse, with 28 species currently recognized, 
the highest number among salmonid genera (Reshetnikov 1988). However, studies of 
coregonin phylogenetic relationships indicate that greater than 28 species most likely 
exist (Bernatchez and Dodson 1994; Bodaly et al. 1991). Phenotypic diversity within and 
among species results in taxonomic confusion (Lindsey 1981). A survey of New and Old 
World coregonin fishes suggests that populations aggregate into six distinct genetic 
lineages: (i) Inconnu (genus Stenodus); (ii) an Arctic cisco group consisting of Arctic 
cisco (C. autumnalis) from the lower Mackenzie basin of Canada, widely disjunct Irish 
pollan (C. pollan), and lake cisco (C. artedi) populations sampled over a wide geographic 
range; (iii) a European (C. lavaretus) and lake whitefish (C. clupeaformis) group, 
including British schelley (C. stigmaticus) and powan (C. clupeoides), and lake whitefish 
from North America that clustered in two distinct groups; (iv) broad whitefish (C. nasus) 
that constituted a relatively homogeneous group, but were more closely related to 
European and lake whitefish than other coregonin groups; (v) a least cisco (C. sardinella) 
and vendace (C. albula) group; and (vi) a peled (C. peled) group that formed a separate 
genetic grouping but were more closely related to vendace and least cisco than other 
coregonins (Bodaly et al. 1991).  
 21 
Generally, whitefishes require cold, well-oxygenated aquatic habitats (Scott and 
Crossman 1973). Ciscoes often inhabit pelagic lacustrine zones and feed on zooplankton 
(Scott and Crossman 1973), while true whitefish generally inhabit the epibenthic zone 
(Lindsey 1981) and vary in movement patterns. For example, Arctic (C. autumnalis) and 
Bering cisco (C. laurettae) are obligate anadromous species, and migrate hundreds of 
kilometers upstream to spawn (McPhail and Lindsey 1970).  Other species, including 
those from the C. clupeaformis/lavaretus species complex, live out their life cycles in 
river and lake habitats, but also can have populations with anadromous life histories.  
A life history characteristic generally applicable to riverine whitefish populations 
is that they are composed of three main groups: immature fish located downstream of 
spawning areas; mature non-spawning fish located downstream of spawning areas but not 
necessarily in the same place as immature fish; and mature spawners located at or near 
upstream spawning areas (Reist and Bond 1988). Whitefish may not feed during their 
upstream migration to spawning sites (Alt 1969), although feeding behavior data from the 
Selawik River drainage suggest this may vary by species (Brown 2004). Whitefish 
exhibit high fidelity to natal spawning sites (Hallberg 1989). It can take between four and 
eight years for whitefish to mature and be ready for spawning migration (Morrow 1980).  
Least cisco 
Little is known of the genetic relationships among populations of least cisco (C. 
sardinella) throughout their range, and almost no research has been done on Alaskan 
populations of least cisco (Dillinger 1989). Least cisco likely survived through quaternary 
glaciation events in two separate refugia, and the descendants of these two groups have 
since become sympatric (Dillinger 1989). Many studies have focused on other whitefish 
species in Alaska because they are important targets of commercial and subsistence 
fisheries. Yet, as concerns grow over the health and size of all whitefish populations, 
more attention may turn to less frequently targeted species like least cisco to increase 
harvest sizes and provide year-to-year stability to subsistence catches.  
Least cisco range across Arctic Canada, Alaska, and Siberia, encountering highly 
variable environmental conditions across a broad range of spatial and temporal scales. In 
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Canada, they are distributed in the southern portion of the Mackenzie River to Fort 
Simpson, and extend east to Bathurst Inlet and Cambridge Bay (Mecklenburg et al. 2002). 
Further west in Alaska, they are distributed from the Arctic Coast to Bristol Bay, 
inhabiting streams and lakes north of the Alaska Range and the drainages of the Yukon 
and Kuskokwim Rivers. The most western portion of their range extends into Siberia and 
the White Sea (Mecklenburg et al. 2002). Least cisco are broadly distributed across 
freshwater drainages in Alaska, and often share habitat with other whitefish species. 
Because least cisco are so broadly distributed across Alaska, populations in different 
geographic locations will experience unique suites of environmental conditions. 
Consequently, life history strategies and phenotypic adaptations may not be uniform 
across the species’ range. Therefore, habitat variation is an important component that 
shapes life history and phenotypic variations within the species. 
The life history variation and present-day distribution of least cisco suggest that a 
combination of phylogeny and physiological responses to the environment has equipped 
this species with the ability to adapt to extreme and variable environmental conditions in 
comparison to other whitefish species (Dillinger 1989). Least cisco life history strategies 
vary by latitude (Dillinger 1989). Those in more northern populations in the Mackenzie 
River reach maturity at between six and eight years (Mann 1974), and spawning may 
occur in alternate years or less frequently (Dillinger 1989). Conversely, least cisco 
populations further south in the Yukon River region mature at approximately four years, 
and most appear to spawn annually (Dillinger 1989). These differences may result from 
differences in access to resources. Energy resources may become scarcer with increasing 
latitude, resulting in slower growth and reduced spawning frequency (Dillinger 1989). 
Additionally, life history variation may also result from differences in behavioral and 
phenotypic traits. For example, six least cisco populations along the Beaufort Sea coast 
exhibit phenotypic variation between individuals co-occurring in a lake (Dillinger 1989; 
Mann 1974). Additionally, populations of both normal and dwarf size least cisco inhabit 
Trout Lake in the Yukon Territory of Canada and Peters Lake, and all were freshwater 
resident. Conversely, the anadromous riverine least cisco from the Mackenzie River are 
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larger, heavier, longer-lived, and more fecund, on average, than the least cisco from the 
lakes (Dillinger 1989; Mann 1974; Mann and McCart 1981). 
Further examples of least cisco life history variation are found across Alaska. In 
the Kuskokwim River drainage, the second largest drainage in Alaska, least cisco enter 
freshwater tundra ponds and lakes in the early spring because the amount of oxygen has 
risen to a tolerable level, and remain in these ponds and lakes to feed throughout the 
spring and summer (Alt 1979). This movement into the shallow tundra ponds and lakes in 
the early spring appears to be a critical component in their life history. They likely do not 
use these lakes in the winter because dissolved oxygen levels are too low (Harper et al. 
2007). Movements in Whitefish Lake, which drains into the upper end of the Lower 
Kuskokwim drainage, occur very early in the spring. The highest numbers of least cisco 
emigrate from Whitefish Lake at the end of July, but other emigration pulses also occur 
toward the end of August, the middle of September, and the beginning of October. 
Variation in emigration timing between years may be the consequence of needing 
additional forage time to replenish fat reserves (Harper et al. 2007). Some fish remain in 
the lake for two months while others remain for six. Some fish from Whitefish Lake 
move to the upstream region of the Kuskokwim River, while others move downstream as 
far as Tuluksak (Harper et al. 2007).  
Further north, least cisco inhabit the upper Koyukuk River basin with inconnu (S. 
leucichthys), broad whitefish (C. nasus), humpback whitefish (C. clupeaformis), and 
round whitefish (P. cylindraceum). Least cisco from the upper Koyukuk River move 
widely throughout the drainage, and have been tracked in the Koyukuk, Alatna, Kanuti, 
and South Fork Rivers (Brown 2009), with spawning habitat in the Alatna and Kanuti 
Rivers. Least cisco also co-inhabit the Selawik River with the same suite of whitefishes 
as in the Koyukuk. Many least cisco here appear to remain in freshwater throughout their 
lives. They mature by age five, but the Selawik River drainage does not include habitats 
with flowing water and gravel substrate, which is the preferred spawning habitat for 
whitefish. Therefore, least cisco in the Selawik River drainage likely migrate long 
distances to find suitable spawning habitat (Brown 2004).  
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Finally, least cisco populations have been documented in many locations along 
the northern coast of Alaska, including the Colville River, Camden Bay, Beaufort Lagoon, 
and Barter Island (Brown 2008). Little is known about the least cisco populations 
inhabiting the inland freshwater lakes of the Arctic Coastal Plain (Brown 2004; Brown 
2008; Brown 2009; Brown et al. 2007; Dillinger 1989; Harper and Harris 2006; Harper et 
al. 2007; Harper et al. 2009; Sutton and Edenfield 2012), but the few studies available do 
reveal that least cisco populations exhibit high levels of phenotypic and life history 
plasticity. For example, they can be amphidromous, lacustrine, or riverine (Harper et al. 
2007). These populations have likely been overlooked because they are not subject to 
intense subsistence harvests since the lakes are very remote and difficult to access.  
Whitefishes and Native Alaskan subsistence 
In Alaska, whitefishes are the most abundant group of fish north of the Alaska 
Range, and are located in all freshwater habitat types (Alt 1994). They are an important 
food source to predatory fish and piscivorous birds on the North Slope. Additionally, 
whitefishes are a valued subsistence food in rural Alaskan communities, and are 
harvested at a few small commercial fishing operations (Alt 1994; Carter 2010). The 
Arctic cisco (Coregonus autumnalis) is a highly valued food resource (Moulton et al. 
2010) in the Colville River drainage area, and anadromous least cisco are the primary by-
catch at the fall fisheries. Least cisco are of special importance in years when Arctic cisco 
harvests are low. They are also shared with other communities or used as dog food 
(Moulton et al. 2010). The season for catching fish occurs in the late summer near 
Kaktovik and after the fall ice formation in the Colville River Delta near Nuiqsut 
(Moulton et al. 2010). After ice forms on the river delta, fishermen string gill nets under 
the ice to catch cisco. Least cisco have comprised as little as 3.8% of the total catch in 
1986, to as much as 50.8% of the total catch in 1998 (Seigle and Parrett 2008).  
The Selawik and Kuskokwim River drainages are also sites for whitefish 
subsistence fishing (Brown 2004), and overexploitation or loss of the fishery could 
dramatically alter Alaskan Natives’ local economies (Harper et al. 2009). Methods of 
harvest in Whitefish Lake drainage include gillnets under the ice in winter, gillnets in the 
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spring, summer, and fall, spear fishing in fall and winter, and hook and line (Simon et al. 
2007). Intensive whitefish subsistence harvests occur in small areas over many hundreds 
of kilometers of the Kuskokwim River, and catches from these harvests comprise 
mixtures of locally available whitefish species. Consequently, this complicated harvest 
system may put weaker fish stocks at risk of overexploitation.  
Recently, the Iñupiat of Nuiqsut have expressed concerns over reduced 
availability of fish, reduced fish size, weight and quality, changes in distribution, 
deformities, changes in food web interactions, and stress to the fish caused by 
development obstructions from the oil industry (Murphy et al. 2007). More biological and 
ecological information on the whitefish populations across Alaska is required to improve 
management plans. Managers have been working in the Kuskokwim River drainage to 
better understand the migratory behavior, growth, population size, survival rates, fine-
scale movements, and fidelity to spawning and feeding grounds of whitefish species 
(Harper and Harris 2006). However, whitefish fisheries extend beyond the Kuskokwim, 
so research must go beyond this region as well to gather more information about Alaska’s 
whitefishes. 
Climate change and least cisco in the Arctic 
The central concept of both phylogeographic and population genetic studies is 
that temporal, spatial, and ecological processes shape the geographic distributions of 
genetic lineages of organisms. Arctic aquatic systems are expected to act as key 
indicators of the timing, rate, intensity, and effects of the change. The Arctic may be 
particularly susceptible to climate change for a number of reasons: (i) positive feedback 
effects of greater heat absorption associated with lower snow and ice cover on land and 
sea, (ii) larger fraction of energy going to warming rather than evaporation relative to the 
tropics, (iii) shallower troposphere (lower atmosphere) and frequent surface-based 
temperature inversions, and (iv) atmospheric and oceanic circulation (ACIA 2004). This 
region is warming at a rate almost twice the global average, with the most pronounced 
warming occurring during winter and spring (ACIA 2004), resulting in changes such as 
rising ocean temperatures, sea level rise, rapidly eroding shorelines, increased storm 
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surges, melting ground ice, permafrost degradation, changes to river discharge and 
sediment transport, and increased shrub growth at high latitudes.  
The ultimate ecological effects of climate change are not fully understood, but 
projections predict that water temperatures will increase beyond what is optimum for fish, 
resulting in decreased biomass and yield, altered rates, and locations of colonization, 
extinction, competition, productivity (Prowse et al. 2006a; Prowse et al. 2006b; Prowse et 
al. 2006c; Tonn 1990), and available habitat, because warmer waters will alter the 
thermocline in lakes, reducing available habitat for fish adapted to colder water below 
these thermoclines (Reist et al. 2006a). Additionally, higher air temperatures and longer 
ice-free seasons may cause thermal stratification in lakes that currently remain 
unstratified due to wind-mixing, short ice-free seasons, and low air temperatures (Martin 
et al. 2009). Habitat alterations will have large impacts on Arctic wildlife and necessitate 
management plans that take these changes into account (Martin et al. 2009). Although the 
responses of Arctic wildlife to climate change are poorly understood (ACIA 2004), it is 
widely accepted that climate change will have widespread consequences on the physical, 
chemical, and biological processes that shape fish habitat in the Arctic (Reist et al. 2006a; 
Reist et al. 2006b).  
Phylogeographic and population genetic investigations will provide insight into 
how highly mobile freshwater fishes like least cisco use connections within hydrographic 
networks, or are blocked by barriers in the landscape. The population genetics portion of 
this study focuses on least cisco collected on the Arctic Coastal Plain. We not only lack 
information for least cisco from these populations overall, but building a better 
understanding of how freshwater fish populations are genetically structured across the 
Alaskan landscape is particularly critical for understanding the implications of dynamic 
present-day conditions. Water connectivity and the barriers created by landscape features 
like mountain ranges play an important role in gene flow among populations. As climate 
change affects the hydrographic networks across Alaska, particularly the lake systems on 
the North Slope, the connections and barriers that shape gene flow may change. This 
study can provide baseline genetic information that can serve as a means of comparison 
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in the future, when changes in genetic relationships may result from landscape alterations 
caused by climate change. 
Project overview 
The questions guiding my thesis concern the genetic relationships among least 
cisco on different landscape scales in Alaska. First, on the geographic scale of the whole 
state, how are northern least cisco populations genetically related to southern least cisco 
populations? Second, how are least cisco genetically related to each other on a finer 
landscape scale, such as among a group of closely located freshwater lakes on the Arctic 
Coastal Plain? Therefore, my objectives are: (i) to assess levels of genetic variability in 
and patterns of genetic connectivity among Alaskan populations of least cisco; and (ii) to 
characterize fine-scale population genetic structure of least cisco from the Arctic Coastal 
Plain. To accomplish the first objective, I compared DNA sequences from the control 
region (CR) of the mitochondrial genome (mtDNA) of least cisco from the Arctic Coastal 
Plain (ACP), Barrow (BAR), Point Lay (LAY), Selawik River (SEL), Koyukuk River 
(KOY), Rampart Rapids (RAP), Whitefish Lake (WHI), Lake Clark (CLA), and Toksook 
River (TOK). I examined the diversity and geographic distribution of sampled CR 
haplotypes to identify phylogeographic breaks and estimate the degree of connectivity 
among these putative populations. To accomplish the second objective, I genotyped 
nuclear genome microsatellite loci in least cisco collected from eight freshwater lakes on 
the Arctic Coastal Plain. I examined the diversity of microsatellite loci and compared 
levels of diversity to estimate the degree of genetic differentiation among lakes. 
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Fig. 1.1. A least cisco (Coregonus sardinella) caught on the Arctic Coastal Plain (scale of 
photo: 4 = 400mm). 
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Fig. 1.2. Diagrammatic representation of a least cisco. From 
http://www.juvenilefishid.com/qm.htm (accessed 30 September 2012). 
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Table 1.1. Interpretations of FST. 
Equation Interpretation Reference 
FST =
rS − rT
1− rT
 Inbreeding coefficient; a population parameter dependent on 
a population’s demographic history; rS  and rT  are the 
correlations between two homologous genes drawn at 
random from within a subpopulation and from the total 
population, respectively; also known as the probability of 
identity by descent (PIBD) 
(Wright 1943; 
Wright 1951; 
Wright 1965) 
FST =
σ p
2
p(1− p)
 1. The proportion of genetic variation found between 
subpopulations at a locus; p  andσ p2  are the mean and 
variance of allele frequencies in subpopulations, respectively 
(Wright 1943; 
Wright 1965) 
 2. A probability that two randomly chosen homologous 
genes both descended from a gene in the subpopulation 
(Crow and 
Kimura 1970) 
 3. An average level of inbreeding in the subpopulation 
relative to the whole population 
(Falconer and 
Mackay 1996) 
FST =
tT − tS
tT
 Interpreted in terms of recent evolutionary history, with 
higher FST values indicating an increase in coalescence time 
between genes in the total population in relation to genes 
from a subpopulation; tT and tS are average coalescence times 
of two gene copies randomly drawn from the same 
subpopulation (tS) and total population (tT) 
(Slatkin 1991; 
Slatkin 1995) 
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Chapter 2: Phylogeography of least cisco (Coregonus sardinella) in 
Alaska1 
Abstract 
In this study, a combination of analyses helped build a first detailed 
phylogeographic analysis of least cisco (Coregonus sardinella) in Alaska, which suggests 
that the least cisco’s evolutionary history differs from other Coregonus species in Alaska. 
The least cisco is relatively diverse across Alaska, 68 unique haplotypes in 305 
individuals, and ΦST values indicate incipient genetic differentiation. The haplotype 
network and phylogeny show little evidence of geographic segregation among haplotypes, 
suggesting high levels of historic gene flow or recent colonization. But some haplotype 
groups in the network are restricted to a region, and it is not possible to draw a one to one 
match between haplotype groups and regions when examining the entire network. Overall, 
the data show that a large proportion of genetic variation is shared across Alaska, but this 
variation is not homogenously distributed across all regions and for all haplotype groups. 
Introduction 
Least cisco (Coregonus sardinella) 
Least cisco, salmonids in the group commonly known as the coregonids, or 
whitefishes, are distributed across Arctic Canada, Alaska, and Siberia. In Alaska, their 
freshwater habitats range from the Arctic Coast to Bristol Bay. They inhabit the rivers, 
streams, and lakes north of the Alaska Range that drain into the Arctic Ocean, and the 
rivers, streams, and lakes south of the Alaska Range that drain into the Bering Sea. This 
broad Alaskan distribution, combined with diverse migration patterns, means that least 
cisco encounter highly variable environmental conditions. Least cisco exhibit high levels 
of phenotypic and life history plasticity (Harper et al. 2007), likely equipping them for 
survival in the extreme environmental conditions of the Alaskan hydrographic landscape. 
                                                
1 Padula, V. M., D. Causey, and J. A. Lopez. 2013. Chapter 2: Phylogeography of least 
cisco (Coregonus sardinella) in Alaska. Prepared for submission to the Canadian Journal 
of Fisheries and Aquatic Sciences. 
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Many evolutionary relationships remain unresolved within the Coregoninae. 
Currently, 28 species are recognized in the genus Coregonus, the highest number of any 
salmonid genus (Reshetnikov 1988). New and Old World coregonid populations 
aggregate into six distinct genetic lineages: (i) Inconnu (genus Stenodus); (ii) an Arctic 
cisco group; (iii) a European (C. lavaretus) and lake whitefish (C. clupeaformis) group; 
(iv) broad whitefish (C. nasus); (v) a least cisco and vendace (C. albula) group; and (vi) a 
peled (C. peled) group (Bodaly et al. 1991). Relatively little information exists about the 
placement of least cisco within the broader Coregoninae in particular. Furthermore, the 
genetic relationships among Alaskan populations within the species are almost entirely 
unknown. Lack of resolution results from difficulty in species identification (Crête-
Lafrenière et al. 2012), parallel evolution (Bernatchez 2004; Østbye et al. 2006), 
phenotypic plasticity (Lindsey 1981), recurrent trophic polymorphisms (Bernatchez et al. 
1991; Douglas et al. 1999), contemporary hybridization (Taylor 2004), and historical 
introgression (Turgeon and Bernatchez 2003). To highlight this point, the widely 
accepted morphological groupings of coregonids into whitefish and ciscoes may also be 
inaccurate (Bernatchez et al. 1991), as recent analyses have shown that members of the 
sardine cisco clade (C. sardinella, C. albula and C. peled) are grouped with ‘true’ 
whitefish species (Crête-Lafrenière et al. 2012). 
Alaskan freshwater biogeography 
Taxonomic confusion stems from phenotypic plasticity and diversity within and 
among species, instances of species flocks and sibling species with restricted distributions, 
and unusual distributional patterns often related to glaciations within their ranges (Bodaly 
et al. 1992; Lindsey 1981). The influence of glacial advances and retreats is a particularly 
important factor when considering the underlying processes shaping the phylogeographic 
patterns we see among coregonids today because coregonids inhabit northern aquatic 
regions that were greatly affected by the Pleistocene ice age. Much of Canada was 
covered by ice-sheets during the Pleistocene, with the largest ice-sheet coverage 
occurring approximately 20,000 years ago (Clark et al. 2009); the two major ice refugia 
were Beringia and the Pacific Northwest (Shafer et al. 2010). The glacial cycles and 
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climatic fluctuations of the Pleistocene are one of the underlying mechanisms shaping the 
complex phylogeographic patterns of northwestern North American biota (Shafer et al. 
2010).  
Phylogeographic studies show that Beringia, which encompassed Alaska, was a 
refuge for numerous species, particularly freshwater species. For example, a freshwater 
refugium of periglacial freshwater lakes likely existed for lake trout, Salvelinus 
namaycush (Wilson and Hebert 1998), and Arctic grayling, Thymallus arcticus (Stamford 
and Taylor 2004), in the southeastern portion of Beringia at the juncture of the 
Cordilleran and Laurentide ice-sheets (Dyke and Prest 1987). Breaks in ice-sheets and the 
Yukon River are proposed barriers that created phylogeographic breaks (Eddingsaas et al. 
2004; Jorgenson et al. 2003). Populations of northwestern North America’s biota 
survived in glacial refugia and other suitable habitats (Holderegger and Thiel-Egenter 
2009) by shifting their ranges across refugia. These groups were often isolated and 
genetically differentiated from conspecific populations over time, maintaining genetic 
diversity (Shafer et al. 2010). As glaciers retreated, these groups expanded into newly 
available terrain, often encountering and mixing with other conspecifics (Hewitt 2001). 
This process may has been repeated several times during the many glacial advances and 
retreats that occurred during the last 700,000 years.  
Study goals 
Least cisco populations have been studied in the various major river drainages 
along the Arctic Alaskan and Canadian coasts, but little or no previous genetic research 
has been reported for this species. The information presented here provides an initial 
baseline of genetic relationships among least cisco populations across Alaska. As climate 
change alters Alaskan freshwater habitats and change connections and barriers to gene 
flow for freshwater fishes, future assessments of genetic relationships among populations 
can be compared to this baseline information. 
We addressed the question of how least cisco populations in different regions of 
Alaska are genetically related each other. Therefore, the objectives of this research were 
to: (i) characterize mtDNA variability in nine Alaskan populations of least cisco, 
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including the Arctic Coastal Plain (ACP), Point Lay (LAY), Barrow (BAR), Selawik 
River (SEL), Koyukuk River (KOY), Rampart Rapids (RAP), Lake Clark (CLA), 
Whitefish Lake (WHI), and Toksook River (TOK); (ii) determine the degree of 
differentiation among populations; and (iii) if differentiation is present, estimate the 
timing of separation and/or suggest barriers to movement.   
Materials and methods 
Sample collection 
Least cisco were sampled from nine locations: the Arctic Coastal Plain (ACP, n = 
163), Point Lay (LAY, n = 12), Barrow (BAR, n = 27), and Selawik River (SEL, n = 29).  
Locations in the Bering Sea Drainage included: Koyukuk River (KOY, n = 13), Rampart 
Rapids (RAP, n = 19), Lake Clark (CLA, n = 15), Whitefish Lake (WHI, n = 22), and 
Toksook River (TOK, n = 5) (Fig. 2.1, Table 2.2). Fish were captured using fyke net, gill 
net, minnow trap, fish wheel, or surface trawl. A pelvic fin was clipped from each fish 
and the tissue samples were stored individually in vials and preserved in 95% ethanol and 
stored at -20°C until processing.  
DNA sequencing 
DNA was isolated from the Arctic Coastal Plain and Point Lay samples using the 
Puregene DNA Extraction Core Kit (Qiagen, Germantown, MD) following the 
manufacturer’s protocol. DNA was extracted from the Barrow, Selawik River, Koyukuk 
River, Rampart Rapids, Lake Clark, Whitefish Lake, and Toksook River samples using a 
DNeasy Blood and Tissue Kit (Qiagen, Germantown, MD) following the manufacturer’s 
protocol. The salmonid control region (D-loop) of the mitochondrial genome was isolated 
and amplified by polymerase chain reaction (PCR). Conditions for a 25 µL reaction 
volume were as follows: 0.5-1 µL DNA template (concentration of approximately 100 
ng/mL), 1X GoTaqTM  (Promega Corporation, Madison, WI) buffer, 0.8 mM dNTPs, 2.5 
mM MgCl2, 1X BSA, 0.2 µM forward and reverse primer, and 0.025 U/µL GoTaq 
(Promega Corporation, Madison, WI). Reactions were run for 32 cycles with an 
annealing temperature of 55°C, a 30 s extension at 72°C and a 10 m post-incubation at 
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72°C. PCR products were checked by gel electrophoresis to verify amplifications of the 
correct product on a 2.5% agarose gel.  
Individuals were sequenced on an automated DNA sequencer (ABI 3100, 
University of Washington DNA). Chromatograms were edited in CodonCode Aligner 4.1 
(CodonCode Corporation, Centerville, MA) to remove noise and artifacts. Forward and 
reverse sequence reads were assembled in Mesquite (Maddison and Maddison 2010), and 
all samples were aligned in MEGA (Tamura 2011) using a ClustalW algorithm 
(Thompson et al. 1994) with the default settings of 15 gap opening penalty, 6.66 gap 
extension penalty for both pairwise and multiple alignment, 0.5 transition weight, and 
30% delay divergent cutoff. Alignment allowed for identification and verification of 
indels in a subsample of sequences. Gaps greater than one bp appeared in two locations. 
At bp 623-624 (position determined by counting the first base in the sequences as one), 
sequences either had TA or a two bp gap. Site 623 was therefore recoded to T or G, 
respectively. At bp 640-657, samples had one of three variants: (i) a sequence of 
ATTAATAAAATTTATTGC; (ii) a sequence of ATTAATAAAACTTATTGC; or (3) a 
gap of 18 bp. Site 639 was recoded to A, C, or G, respectively. 
Phylogeographic analyses 
The resulting sequence data were analyzed in three ways. First, the variability and 
divergence were characterized for the sequence data. Second, haplotype networks were 
constructed and ΦST (an analogue to FST) values were estimated for between and within 
drainage comparisons. Finally, a phylogeny of haplotypes with bootstrap values of 
support was constructed. For the first set of analyses, unique haplotypes were identified 
for the entire sample set, for each region, and for each location within those regions in 
DnaSP (Librado and Rozas 2009). Haplotype diversity (Hd) and the average number of 
differences (K) were also estimated for the entire sample set, for each region, and for 
each location within those regions in DnaSP (Librado and Rozas 2009). Values of 
evolutionary divergence between sequences was measured as base substitutions per site 
between sequences. This was done in MEGA using a maximum composite likelihood 
method (Tamura et al. 2004), where rates of substitution were assumed to be uniform 
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among sites (Jukes-Cantor model). The same was done between all pairs of unique 
haplotypes. The frequencies of evolutionary divergence values were calculated in Excel 
(Microsoft Corporation, Redmond, WA) and graphed. Haplotypic richness values were 
calculated in FSTAT (Goudet 1995) for the nine sampling sites. 
A minimum spanning network of haplotypes was calculated using TCS (Clement 
et al. 2000), where all sequences were collapsed into haplotypes, an absolute distance 
matrix was calculated for all pairwise comparisons of haplotypes, and then a parsimony 
connection limit was calculated, resulting in a set of justified connections. A haplotype 
network image was created in Network ver. 4.610 (fluxus-engineering.com) using the 
minimum spanning network data.  
Pseudoexact G tests for homogeneity were then performed in ARLEQUIN 
version 3.5.1.3 (Excoffier and Lischer 2010) to determine if differences in genetic 
compositions existed across the nine sampling sites. Between-population ΦST (an 
analogue to FST) values were estimated in ARLEQUIN version 3.5.1.3 (Excoffier and 
Lischer 2010), with a significance level of 0.05, 100 permutations for significance, 
10,100 permutations for Mantel test. Exact tests of population differentiation were 
estimated with 100,000 MCMC steps and 10,000 dememorization steps, with sequential 
Bonferroni corrections applied to p-values to account for multiple testing. 
A maximum likelihood (ML) parsimony phylogeny reconstruction was performed 
in MEGA, by using a bootstrap method of 10,000 replications, a general time reversible 
(GTR) model of nucleotide substitution, uniform rates among sites (Jukes-Cantor model), 
and nearest-neighbor-interchange (NNI) heuristic method. The following sequence 
accessions were downloaded from GenBank and used as outgroups: JQ661394.1 C. 
lavaretus Ro4, JQ661396.1 C. lavaretus Ro6, JQ661388.1 C. lavaretus Est7, JQ661382.1 
C. lavaretus Est6, JQ661384.1 C. lavaretus Est10, HM634595.1 C. albula Alb15, 
HM634594.1 C. albula Alb13, HM634593.1 C. albula Alb09, HM634592.1 C. albula 
Alb05, HM634591.1 C. albula Alb03, HM635009.1 C. renke WT03A, HM635008.1 C. 
renke WT02A, HM635007.1 C. renke WT01A, HM634871.1 C. maraena SH11A, 
HM634692.1 C. maraena BSH771A, HM634761.1 C. holsatus GM29B, HM634699.1 C. 
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widegreni BSS04A, HM634695.1 C. maraena BSH775A, HM634650.1 C. 
macrophthalmus BS03A, HM635016.1 C. renke WES05A, HM634956.1 C. fatioi 
TR18A, HM634899.1 C. suidteri SEBA214, HM634850.1 C. palaea NC08A, 
HM635060.1 C. duplex ZU28B, HM635030.1 C. heglingus WASA102, HM634862.1 C. 
candidus NEBO302. Adding the outgroup sequences to the pre-existing alignment of C. 
sardinella sequences created new gaps at the following sites: 446-465, 473, 507, 562, 603, 
604, 623-624, 623, 640-657. Gaps were recoded in the same way as before, resulting in a 
631 bp sequence. 
The lengths of specific branches were measured (in substitutions/site) on the 
resulting phylogeny and used to approximate times of divergence. Average mitochondrial 
rates of molecular divergence were recently estimated by Crête-Lafrenière et al. (2012), 
The average rate across genera in Salmonidae, based on an analysis of the Cytb gene and 
a segment of the CO1 gene, is approximately estimated at 0.31%/MY (CI: 0.27–
0.36%/MY) (Crête-Lafrenière et al. 2012). However, the study found that the 
mitochondrial rate of molecular divergence varies markedly among genes and clades 
(Crête-Lafrenière et al. 2012), and the divergence rates for Coregonus ranged between 
0.20%/MY (CI: 0.17–0.23%/MY) and 0.33%/MY (CI: 0.27–0.38%/MY) (Crête-
Lafrenière et al. 2012). We used a midpoint of this range, 0.26%/MY, as the 
mitochondrial rate of molecular divergence to approximate time of divergence as 
indicated by the branches of the haplotype phylogeny. We acknowledge that these rates 
may not exactly reflect the rate of mutation for the mitochondrial control region, but this 
publication is the most recent study of salmonid mtDNA that was applicable to the 
present study. 
Results 
Sequence variability 
We sequenced the mitochondrial control region (678 bp) of 305 C. sardinella 
individuals. We identified 68 unique haplotypes (Table 2.1), and the average evolutionary 
divergence was 0.011 ± 0.007% (substitutions/site), the overall haplotype diversity (Hd) 
was 0.935 with an average number of differences (K) was 8.266 (Table 2.3). Although 
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the most unique haplotypes were found in ACP, SEL had a higher haplotypic richness 
(12.566) than ACP (11.147) (Table 2.3). The maximum pairwise evolutionary divergence 
between all unique haplotypes and between all samples was 0.027%. The most frequent 
value was 0.019 when the frequencies of all the pairwise genetic distances were 
calculated (between all haplotypes and between all samples) (Fig. 2.2). 
In ACP, 32 unique haplotypes were identified among 163 samples, with an 
average evolutionary divergence of 0.012 ± 0.008%, Hd = 0.894, and K = 8.379; 13 
unique haplotypes were identified among 27 samples from BAR, with an average 
evolutionary divergence of 0.011 ± 0.009%, Hd = 0.795, and K = 8.188; 4 unique 
haplotypes were identified among 12 samples from LAY, with an average evolutionary 
divergence of 0.010 ± 0.008,% Hd = 0.758, and K = 7.606; 17 unique haplotypes were 
identified among 29 samples from SEL, with an average evolutionary divergence of 
0.010 ± 0.006%, Hd = 0.916, and K = 7.337; 7 unique haplotypes were identified among 
13 samples from KOY, with an average evolutionary divergence of 0.011 ± 0.007%, Hd = 
0.872, and K = 7.487; 7 unique samples were identified among 19 samples from RAP, 
with an average evolutionary divergence of 0.009 ± 0.007%, Hd = 0.807, and K = 6.070; 
5 unique haplotypes were identified among 15 samples from CLA, with an average 
evolutionary divergence of 0.003 ± 0.003%, Hd = 0.790, and K = 2.000; 3 unique 
haplotypes were identified among 5 samples from TOK, with an average evolutionary 
divergence of 0.009 ± 0.007%, Hd = 0.700, and K = 6.400; 13 unique haplotypes were 
identified among 22 samples from WHI, with an average evolutionary divergence of 
0.009 ± 0.006%, Hd = 0.931, and K = 6.506 (Table 2.3).  
Haplotype network and Φ-statistics  
The largest genetic distance at the haplotype level was 0.027, calculated when 
haplotypes 49 and 53 were compared to haplotypes 2, 3, 15, 27, and 59. Haplotypes 49 
and 53 radiated from haplotype 16 in the upper left corner of the network (Fig. 2.3), 
while the other haplotypes were located in the lower right corner of the figure, with 
haplotypes 2, 3 and 27 radiating from haplotype 4, the haplotype that occurred with the 
highest frequency in the entire dataset. The BAR group presented an interesting pattern in 
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the network. Of the 27 samples in BAR, 17 were collected at the freshwater site, and 10 
were collected at Elson Lagoon. Within the freshwater group, five individuals had 
haplotypes 16, 49, or 50, which were in the upper left corner of the haplotype network 
(Fig. 2.3), but the other 12 individuals represented haplotype 4, located in the lower right 
corner of the network in the lineage most distantly related to the haplotype 16 lineage. 
Meanwhile, 10 haplotypes were found among the 10 individuals from Elson Lagoon, and 
these haplotypes were spread across the network, representing all the lineages found. 
Individuals representing haplotypes 49 and 27 revealed that both were from the Barrow 
population. The genetic distance between these two individuals was the highest 
calculated among pairwise comparisons, yet came from the same geographic region. On a 
finer scale, samples from the BAR group were collected at two sampling locations, one a 
freshwater site and the other Elson Lagoon, which has easier access to marine waters. 
Haplotype 49 was found in a fish collected at the freshwater site, while haplotype 27 was 
found in a fish collected at Elson Lagoon, begging a further investigation into the genetic 
variability of the fish representing the BAR group. The homogeneity test results reported 
in Table 2.4 suggest three groupings. ACP, BAR, and LAY had non-significant values 
when compared to each other. SEL, KOY, and RAP had non-significant values when 
compared to each other. CLA, WHI, and TOK had non-significant values when 
compared to each other. Likewise, those three groupings had low and non-significant ΦST 
values, reported in Table 2.5. 
Phylogeny 
The outgroup sequences (in green) were distinct from the C. sardinella sequences, 
with a bootstrap value of 0.7066 (Fig. 2.4). A polytomy appeared among the C. 
sardinella haplotypes, with haplotypes 1-59 forming the large group at the top of the 
phylogeny, and haplotypes 60-68 forming their own small clade in between that large 
group and the outgroups. The bootstrapping values separating the 1-59 group from the 
60-68 group were 0.7533 and 0.5007 respectively, lending support for these groupings. 
This geographic variation coupled with low bootstrapping values may suggest a high 
degree of genetic mixing across regions, although the weak bootstrapping values were 
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probably more likely related to the fact that only 305 individuals were sequenced, which 
is a relatively low number in this type of study. Key sites could be missing from many of 
the iterations since the bootstrapping process samples data with replacement. The 60-68 
haplotypes were all in blue, suggesting that this genetic clade may be unique to the far 
northern regions of Alaska. 
We calibrated the time since divergence by measuring the branch length of the 
most divergent haplotype in Fig. 2.4. This was Hap_59, and the cumulative distance of 
this branch from the beginning point of the phylogeny was 0.0229 substitutions/site. 
Using 0.26%/MY as the mitochondrial rate of molecular divergence, this branch 
represented approximately 8.81MY since this group of least cisco diverged from the 
Coregonus species used in the outgroup. The other two branches of interest on the 
phylogeny were those leading to the 1-59 clade and the 60-68 clade. The length of the 
branch leading to the 1-59 clade was 0.0069 substitutions/site, representing 
approximately 6.15MY since divergence, and the length of the branch leading to the 60-
68 clade was 0.0019, representing approximately 8.08MY since divergence.  
Discussion 
Least cisco are relatively diverse across Alaska, with 68 unique mitochondrial 
haplotypes found in 305 individuals. Homogeneity tests and ΦST values supported the 
idea that populations are isolated in the present day, and indicated incipient genetic 
differentiation across Alaska. No strong geographic segregation patterns could be 
detected in the 1-59 group of the haplotype network and phylogeny, suggesting some 
level of gene flow following an earlier isolation event. But some haplotype groups in the 
network were restricted to a region, and it was not possible to construct a one-to-one 
match between haplotype groups and regions when examining the entire network. Overall, 
the data showed that a large proportion of genetic variation was shared across Alaska, but 
this variation was not homogenously distributed across all regions and for all haplotype 
groups, and we may be observing the beginning of lineage sorting for Alaskan least cisco. 
The maximum likelihood phylogeny showed a polytomy within C. sardinella. 
Haplotypes 60-68 form a distinct clade at the root of the tree, while haplotypes 1-59 form 
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another distinct clade. Haplotypes 60-68 all occurred in the northern region, while 
haplotypes 1-59 were a mixture across Alaska, with little evidence of geographic 
segregation among haplotypes. The distinction of the 60-68 group was further supported 
in the haplotype networks in Fig 2.3, which also showed they are not exclusive to one of 
the more northern sampling locations. Two hypotheses may explain this polytomy 
pattern: (i) the 60-68 clade evolved in sympatry with the 1-59 clade; or (ii) the 60-68 
clade evolved in isolation from the 1-59 clade, perhaps in a glacial refugium, and the 
present-day pattern of polytomy is the result of secondary contact through migration and 
recolonization.  
The high degree of genetic mixing among the 1-59 group suggested by the 
phylogeny and haplotype networks was not the entire picture of least cisco 
phylogeography in Alaska. The homogeneity tests and Φ-statistics revealed another detail 
about Alaskan least cisco. Although we did not originally group the nine populations into 
a broader hierarchical structure, results of homogeneity tests suggested that the nine 
populations used in this study could be treated as three regions. The most northern region 
consisted of ACP, LAY, and BAR. The middle region consisted of SEL, KOY, and RAP. 
The most southern region consisted of CLA, WHI, and TOK. This hierarchical structure 
was further supported by the low and non-significant ΦST values within those regions, 
and the higher and significant ΦST values between the regions (Table 2.5). The 
differentiation found among these populations may be the consequence of geographical 
barriers. For example, the Brooks Range and the Alaska Range are sizeable geographic 
barriers between the groups, and most likely limit gene flow.  
Although ΦST should be an unbiased measure of genetic differentiation, factors 
such as the demographic history of a population (e.g. effective population size and 
migration rate), properties of the genetic markers (e.g. diversity and mutations) and 
sampling properties (e.g. sample size) can introduce bias (Wang 2012). The sample size 
for ACP was an order of magnitude larger than the sample sizes for any other 
subpopulation (163 sequences vs. sample sizes of 42 sequences or less for the other 
subpopulations). ACP received heavier weighting in ΦST calculations, even though the 
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sample sizes did not reflect what is known about the effective population sizes of these 
subpopulations, and were simply an artifact of what samples were available for analysis.  
The phylogeography of least cisco in this study presented complex patterns that 
were likely shaped by glacial refugia in Beringia. Bernatchez and Dodson (1994) 
suggested similar hypotheses to explain the phylogeographic patterns they observed for 
lake whitefish (C. clupeaformis) mtDNA in Beringia. Lake whitefish mtDNA diversity 
was highest in Beringia (in comparison to lake whitefish from the rest of northern North 
America used in the study), with two distinct clades found within the region. The clades 
were mixed, showing no obvious geographic structure other than the differences in 
haplotype composition. Other whitefish species showed similar patterns. For example, 
previous studies of pygmy whitefish P. coulterii across their North American range 
suggested a complex history of post-glacial dispersal during the Wisconsin glaciations, 
with populations isolated in three refugia: a Beringian Refuge (Alaskan and possibly 
Yukon populations); a Pacific Refuge (Cascadian, Peace/Mackenzie and possibly Yukon 
populations); and a Mississippi Refuge (Lake Superior population) (Bailey and Smith 
1981; Lindsey and Franzin 1972; Lindsey and McPhail 1986; McPhail and Lindsey 1986; 
Underhill 1986). A later study of mtDNA variation of pygmy whitefish from the same 
region suggested two clades, with one group derived from populations in Alaska and 
Aishihik Lake, and another group derived from Cascadia, the Peace River drainage, and 
Lake Superior (Witt et al. 2011). Other freshwater fishes that likely survived in the 
Beringian Refuge like the pygmy whitefish include lake whitefish Coregonus 
clupeaformis (Bernatchez and Dodson 1994), lake trout Salvelinus namaycush (Wilson 
and Hebert 1998), Arctic char Salvelinus alpinus, (Brunner et al. 2001), and Arctic 
grayling Thymallus arcticus (Stamford and Taylor 2004).  
Finally, our estimates of divergence for least cisco (8.8MY) were similar to the 
estimated time of divergence for the C. sardinella, C. peled, and C. albula clade reported 
in Crête-Lafrenière et al. (2012) (e.g. ~8.5 MY; see Figure 6). Our fine-scale 
investigation of least cisco phylogenetics, using one locus from the mitochondrial 
genome, tracked well with this most recent analysis of the phylogenetic relationships 
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within the Salmonidae family resulting from using a number of genes, although we 
acknowledge difficulties arose in this comparison because of different mutation rates 
among genes. Adding nuclear genealogies to our analysis in the future could help draw 
stronger conclusions about the placement of least cisco within a broader phylogenetic 
context. Additionally, sampling genealogies from the nuclear genome may allow for the 
study of differential gene flow among loci because if locus-specific patterns of 
differentiation are mediated by selection, they can help explicate speciation mechanisms 
(Hare 2001). The emergence of next-generation sequencing technologies will enable 
multilocus phylogenetic analyses and large-scale comparative genomic studies that will 
provide more insight about the genome. For example, comparative mapping may reveal 
chromosomal rearrangements or colinearity that could not be detected otherwise 
(Cristescu et al. 2010). 
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Fig. 2.1. Map of sampling locations. 
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Fig. 2.2. Distribution of evolutionary distances: A) among haplotypes (n = 68); and B) 
among individuals (n = 305). 
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Fig. 2.3. Minimum spanning network of C. sardinella haplotypes. 
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Fig. 2.4. Maximum likelihood phylogeny of the 68 unique haplotypes. 
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Table 2.1. Unique haplotypes identified in least cisco from northwestern Alaska. 
 ACP LAY BAR SEL KOY RAP CLA WHI TOK 
Hap_1 - - - - - - - 1 - 
Hap_2 1 - - - - - - - - 
Hap_3 5 - - - - - - - - 
Hap_4 37 3 12 - - - - 1 - 
Hap_5 1 - - - - - - - - 
Hap_6 4 - - - - - - - - 
Hap_7 18 - 1 - 2 - - 1 - 
Hap_8 1 - - - - - - - - 
Hap_9 1 - - - - - - - - 
Hap_10 2 - - - - - - - - 
Hap_11 1 - - - - - - - - 
Hap_12 1 - - - - - - - - 
Hap_13 1 - - - - - - - - 
Hap_14 2 3 1 - - - - - - 
Hap_15 1 - - - - - - - - 
Hap_16 21 5 4 1 - 1  1 - 
Hap_17 1 - - 3 3 4 - - - 
Hap_18 1 - - - - - - - - 
Hap_19 7 - - - - - 3 4 - 
Hap_20 5 - - - - - - - - 
Hap_21 3 - - - - - - - - 
Hap_22 1 - - - - - - - - 
Hap_23 1 - - - - - - - - 
Hap_24 1 - - - - - - - - 
Hap_25 1 - - - - - - - - 
Hap_26 - 1 1 - - - - - - 
Hap_27 - - 1 - - - - - - 
Hap_28 - - 1 - - - - - - 
Hap_29 - - 1 - - - - - - 
Hap_30 - - 1 8 4 7 - 2 - 
Hap_31 - - - - - - 1 - - 
Hap_32 - - - - - - 6 4 3 
Hap_33 - - - - - - 2 1 - 
Hap_34 - - - - - - 3 - - 
Hap_35 - - - - 1 - - - - 
Hap_36 - - - - 1 4 - - - 
Hap_37 - - - - - 1 - - - 
Hap_38 - - - - - 1 - - - 
Hap_39 - - - 1 - 1 - - - 
Hap_40 - - - 2 - - - - - 
Hap_41 - - - 1 - - - - - 
Hap_42 - - - 2 - - - - - 
Hap_43 - - - 2 - - - - - 
Hap_44 - - - 1 - - - - - 
Hap_45 - - - 1 - - - - - 
Hap_46 - - - 1 - - - - - 
Hap_47 - - - 1 - - - - - 
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Table 2.1 continued        
 ACP LAY BAR SEL KOY RAP CLA WHI TOK 
Hap_48 - - - - - - - 1 - 
Hap_49 - - 1 - - - - - - 
Hap_50 - - 1 - - - - - - 
Hap_51 - - - - - - - 1 - 
Hap_52 - - - - - - - 3 1 
Hap_53 - - - - - - - 1 - 
Hap_54 - - - - - - - 1 - 
Hap_55 - - - - - - - - 1 
Hap_56 - - - 1 - - - - - 
Hap_57 - - - 1 - - - - - 
Hap_58 - - - - 1 - - - - 
Hap_59 - - - - 1 - - - - 
Hap_60 22 - 1 - - - - - - 
Hap_61 - - - 1 - - - - - 
Hap_62 13 - 1 1 - - - - - 
Hap_63 1 - - 1 - - - - - 
Hap_64 4 - - - - - - - - 
Hap_65 2 - - - - - - - - 
Hap_66 1 - - - - - - - - 
Hap_67 1 - - - - - - - - 
Hap_68 1 - - - - - - - - 
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Table 2.2. Sample sizes and locations for sites. 
Site n Lat Long 
Arctic Coastal Plain 163 70.508 -155.367 
Selawik River 29 66.604 -160.007 
Point Lay 12 69.763 -163.053 
Barrow 27 71.295 -156.256 
Koyukuk River 13 64.88 -157.7 
Rampart Rapids 19 65.535 -150.179 
Lake Clark 15 60.214 -154.383 
Whitefish Lake 22 61.37 -160.026 
Toksook River 5 60.515 -164.971 
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Table 2.3. Descriptive statistics for sequences. 
Site Avg No. diff (K) 
Hap Div 
(Hd) 
No. Hap 
(h) Max dis 
Avg Gen Dis 
(SD) 
Hap 
Richness 
All 8.266 0.935 68 0.027 0.011 ± 0.007 40.769 
ACP 8.379 0.894 32 0.023 0.012 ± 0.008 11.147 
SEL 7.337 0.916 17 0.022 0.010 ± 0.006 12.566 
LAY 7.606 0.758 4 0.019 0.010 ± 0.008 4.000 
BAR 8.188 0.795 13 0.027 0.011 ± 0.009 9.651 
KOY 7.487 0.872 7 0.023 0.011 ± 0.007 5.358 
RAP 6.07 0.807 7 0.019 0.009 ± 0.007 4.718 
CLA 2 0.79 5 0.009 0.003 ± 0.003 4.254 
WHI 6.506 0.931 13 0.025 0.009 ± 0.006 6.926 
TOK 6.4 0.7 3 0.019 0.009 ± 0.007 3.000 
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Table 2.4 Homogeneity test results among sites, corrected for multiple testing. P < 
0.0001 represented as *. 
 ACP LAY BAR SEL KOY RAP CLA WHI 
LAY 0.094 ± 0.010        
BAR 0.124 ± 0.025 
0.524 ± 
0.021       
SEL * 0.001 ± 0.001 *      
KOY * * * 0.422 ± 0.039     
RAP * * * 0.278 ± 0.023 
0.421 ± 
0.015    
CLA * * * * * *   
WHI * * * * 0.008 ± 0.003 * 
0.178 ± 
0.006  
TOK * 0.002 ± 0.001 
0.006 ± 
0.003 
0.014 ± 
0.007 
0.003 ± 
0.001 * 
0.231 ± 
0.017 
0.794 ± 
0.016 
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Table 2.5. ΦST values indicating levels of genetic differentiation among sites above 
diagonal, corrected p-values below diagonal. P < 0.0001 represented as *. 
 ACP LAY BAR SEL KOY RAP CLA WHI TOK 
ACP   0.059 0.024 0.088 0.099 0.136 0.141 0.062 0.171 
LAY 0.011 ± 0.001  0.046 0.142 0.185 0.198 0.225 0.123 0.265 
BAR 0.030 ± 0.001 
0.096 ± 
0.003   0.130 0.156 0.182 0.207 0.110 0.238 
SEL * * *  -0.004 0.012 0.142 0.051 0.163 
KOY * * * 0.459 ± 0.005   -0.021 0.170 0.065 0.197 
RAP * * * 0.202 ± 0.005 
0.627 ± 
0.005   0.201 0.098 0.232 
CLA * * * * * *  0.025 0.011 
WHI 0.001 ± 0.0002 
0.001 ± 
0.0002 * 
0.003 ± 
0.001 
0.010 ± 
0.001 
0.001 ± 
0.0002 
0.140 ± 
0.004   0.032 
TOK 0.003 ± 0.001 
0.004 ± 
0.001 
0.001 ± 
0.0002 
0.001 ± 
0.0002 
0.005 ± 
0.001 
0.002 ± 
0.001 
0.418 ± 
0.005 
0.251 ± 
0.004   
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Table 2.6. A breakdown of characteristics of haplotypes 60-68. 
Haplotype ID Number of individuals with haplotype 
Populations 
represented 
Average genetic 
distance from 
haplotypes 1-59 
Hap 60 23 ACP, BAR 0.016 
Hap 61 1 SEL 0.016 
Hap 62 15 ACP, BAR, SEL 0.016 
Hap 63 2 ACP, SEL 0.016 
Hap 64 4 ACP 0.016 
Hap 65 2 ACP 0.017 
Hap 66 1 ACP 0.017 
Hap 67 1 ACP 0.018 
Hap 68 1 ACP 0.018 
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Chapter 3: Population genetic structure of least cisco (Coregonus 
sardinella) from freshwater lakes on the Arctic Coastal Plain of Alaska2 
Abstract 
The least cisco (Coregonus sardinella), which is broadly distributed in freshwater 
lakes across the Arctic Coastal Plain of Alaska, encounter highly variable environmental 
conditions across a broad range of spatial and temporal scales. Little is known about 
these lake populations, including life history patterns and population genetic structure. 
We collected least cisco from seven Arctic Coastal Plain lakes and genotyped six 
microsatellite loci for each individual. Patterns of departure from Hardy-Weinberg 
equilibrium (HWE) were not consistent on a lake-by-lake or locus-by-locus basis. Of the 
six loci, only one locus (CLB129) provided reliable data that were then compared to 
mtDNA sequences from the same individuals. The ΦST value for mtDNA was higher than 
the analogous θ value for CLB129. The individual lakes of the Arctic Coastal Plain may 
not represent individual subpopulations as initially assumed. We suggest that historical 
migration and extinction/colonization dynamics were important factors shaping the 
genetic relationships among groups of least cisco. Ultimately, Alaskan least cisco may 
have functioned as a metapopulation historically, but present populations are too isolated 
to be considered a metapopulation today. 
Introduction 
Least cisco (Coregonus sardinella) 
Least cisco exhibit high levels of phenotypic and life history plasticity and have 
adapted to extreme Arctic environmental conditions (Dillinger 1989). For example, they 
can be amphidromous, lacustrine, or riverine (Harper et al. 2007). Both normal and dwarf 
                                                
2 Padula, V. M., D. Causey, and J. A. Lopez. 2013. Chapter 3: Population genetic 
structure of least cisco (Coregonus sardinella) from freshwater lakes on the Arctic 
Coastal Plain of Alaska. Prepared for submission to the University of Alaska Fairbanks 
Graduate School. Formatted according to the Canadian Journal of Fisheries and Aquatic 
Sciences guidelines. 
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freshwater resident least cisco occur in Trout Lake and Peters Lake in the Yukon 
Territory of Canada (Dillinger 1989; Mann 1974). Anadromous riverine least cisco from 
the Mackenzie River are comparatively larger, heavier, longer-lived, and more fecund 
than fish found in Trout Lake and Peters Lake (Dillinger 1989; Mann 1974; Mann and 
McCart 1981). Although little to no data exist for least cisco inhabiting the Arctic Coastal 
Plain of Alaska, the diversity of habitats within this ecosystem can potentially support life 
history trait variation and genetic differentiation among least cisco groups in this region.  
The Arctic Coastal Plain landscape 
The northernmost region of the North Slope, the Arctic Coastal Plain, is 50,000 
km2, is bordered on the west and north by the Chukchi and Beaufort seas, and extends 
east nearly to the U.S.-Canada border. During the Quaternary period, a shallow sea 
deposited silt, sand, and gravel on the Arctic Coastal Plain ecosystem (Black 1964), 
which is covered by a complex hydrographic network subject to seasonal extremes such 
as hot, dry summers and extremely cold winters. This region is characterized by thick 
permafrost, with permafrost-related surface features such as pingos, ice wedge polygons, 
peat ridges, and frost boils. Hydrologically, the region experiences low annual 
precipitation, and the permafrost and low topographic gradient result in a landscape 
dominated by wetlands, ponds, and lakes.  
Lakes are a major landscape feature and vary in depth and levels of connectivity 
to other hydrological features such as wetlands, streams, and rivers. Variation in lake 
depth results in variation in the year-round availability of liquid water within lakes. The 
smaller and shallower (< 2 m) lakes freeze to the bottom and are liquid only during the 
warm season, and upwelling is unlikely as permafrost exists below the surface of these 
lakes. Surface runoff for recharge is important for these lakes because they are subject to 
evaporative loss during summer (Miller et al. 1980). Although landlocked lakes are 
present, many lake systems are seasonally linked by shallow streams, which form 
complex hydrographic networks (Martin et al. 2009). Many major streams originate from 
the south, and lakes of thermokarst and non-thermokarst origin constitute over 14% of the 
landscape (Hobbie 1973; Jorgenson and Heiner 2003).  
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Lake ecosystems, especially ecosystems that have persisted a long of time, are 
natural systems in which to study the underlying mechanisms of speciation, colonization, 
adaptation and diversification (Cristescu et al. 2010). Physical and biotic processes 
operating on different spatial and temporal scales create a mosaic of aquatic habitats for 
fishes (Collins and Glenn 1997; Wu and Loucks 1995). During the spring break-up, 
flooding patterns can vary substantially across the landscape; ephemeral and temporary 
connections between major bodies of water can have profound consequences for fish 
distributions. Small, young-of-the-year fish may be able to migrate through these 
connections, potentially populating lakes that are otherwise isolated during the rest of the 
summer. This complex hydrographic network means various channels and barriers to 
gene flow may exist for Arctic fishes, but we do not know the degrees of connectivity 
and isolation. Additionally, climate change is apparent in the Arctic. Modern warming 
trends may alter the hydrographic network of the Alaskan Arctic, consequently altering 
fish distributions (Hershey et al. 2006) and gene flow among fish populations.  
Study goals 
Least cisco populations have been studied in multiple major river drainages along 
the Arctic Alaskan and Canadian coasts (Brown 2004; Brown 2009; Dillinger 1989; 
Hallberg 1989), but little or no prior research has been reported for least cisco 
populations inhabiting the inland freshwater lakes of the Arctic Coastal Plain. How are 
least cisco genetically related to each other on a fine landscape scale, such as among a 
group of closely located freshwater lakes on the Arctic Coastal Plain? Developing a 
better understanding of the population structuring of a highly mobile and phenotypically 
diverse species such as the least cisco will provide us with a foundation upon which we 
can begin to understand how other fishes use the aquatic habitats of the Arctic Coastal 
Plain. Consequently, the goals of this research chapter were to: (i) genotype least cisco 
from seven lakes on the Arctic Coastal Plain for six microsatellite loci: BWF2, Aut139, 
CLB107, CLB129, CLC4, CLC101; and (ii) compare indices of genetic diversity among 
lake populations. 
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Materials and Methods 
Study site and sampling 
The freshwater lakes from which least cisco were collected are located on the 
National Petroleum Reserve of Alaska, north of the Brooks Mountain Range (Fig. 3.1), 
and the unique identifiers of the lakes are related to their locations in survey plots 
mapped out during concurrent scientific investigations. Fish were collected from seven 
lakes in 2009 and 2010 were used in this study: lake 128 (n = 30), 161 (n = 20), 216 (n = 
21), 276 (n = 16), 306 (n = 19), 566 (n = 10), and 567 (n = 14). Fish were caught with gill 
net, fyke net, or beach seines; and a pelvic or caudal fin from each fish was removed and 
preserved. Lake characteristics (number of samples collected, latitude, longitude, surface 
area, volume, and % unfrozen in April) are presented in Table 3.1. 
Microsatellite analysis 
Total DNA was extracted from tissue samples with a Puregene DNA Extraction 
Core Kit (Qiagen, Germantown, MD), following the manufacturer’s protocol. A total of 
76 microsatellite markers were tested on a small subset of least cisco DNA for use in this 
study. After these trials, all 2009 samples and a subsample from 2010 representing all 
lakes were analyzed at six microsatellite loci: BWF2 (Patton et al. 1997), Aut139 (Ramey 
et al. 2008), CLC7, CLB129, CLC4, and CLC101 (Schlei, FWS) (Table 3.2). Loci were 
amplified individually by the polymerase chain reaction (PCR). The markers were 
individually labeled with HEX™, PET, VIC, or 6-FAM dye (Table 3.2). 
Conditions for a 10 µL reaction volume were as follows: 0.5 µL DNA template 
(concentration of approximately 100 ng/mL), 1X GoTaq buffer (Promega Corporation, 
Madison, WI), 2 mM dNTPs, 2.5 mM MgCl2, 1 µM forward and reverse primer, and 0.04 
U/µL GoTaq (Promega Corporation, Madison, WI). Reactions were run for 40 cycles 
with an annealing temperature of 50°C. PCR products were checked by gel 
electrophoresis to verify amplifications of the correct product on a 2.5% agarose gel and 
1 µL of each confirmed PCR product was diluted with 9 µL of Hi-Di FormamideTM 
(Applied Biosystems, Grand Island, NY). PCR products were sent to the Yale DNA 
Analysis Facility for fragment size analysis on an automated DNA sequencer (ABI 3100), 
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using ROX-500 or LIZ-500 size standard. Chromatograms were loaded into GeneMarker 
(http://www.softgenetics.com/GeneMarker.html) to score genotypes. Two researchers 
independently scored all individuals to reduce bias caused by scoring errors and 
difficulties in amplifying DNA, and a third researcher scored a subsample of individuals. 
Statistical analysis 
Basic descriptive statistics were calculated for each locus on a lake-by-lake basis. 
This included the number of unique genotypes, observed heterozygosity (HO) and 
expected heterozygosity (HE), effective number of alleles (neff), and FIS. HO and HE were 
calculated at each locus in GENEPOP version 4.2 (Raymond and Rousset 1995; Rousset 
2008) and used to test whether loci were in Hardy-Weinberg equilibrium (HWE). 
Sequential Bonferroni methods were implemented to correct against type I errors (Rice 
1989). Values of neff and FIS were estimated using Microsoft Excel (2011), using the 
equations neff = 1/(1-HE) and FIS = 1- (HO/HE).  
Pseudoexact G tests for homogeneity were then performed in ARLEQUIN 
version 3.5.1.3 (Excoffier and Lischer 2010), with the data grouped into five hierarchical 
structures. These tests were used to determine if differences in genetic compositions 
existed across groups. First the data were tested for each of the seven lakes, assuming 
they each represented unique populations. The data were then grouped into three 
geographic regions: (i) lakes 128 and 161; (ii) lakes 216, 276, and 306; and (iii) lakes 566 
and 567. Homogeneity tests were then performed within each region. 
At this point we determined that CLB129 was the only locus that provided 
reliable and informative data for this study (see results). Therefore, using only CLB129 
data grouped into three regions, we performed an analysis of molecular variance 
(AMOVA) (Excoffier et al. 1992) in ARLEQUIN version 3.5.1.3 (Excoffier and Lischer 
2010) and compared those results to those of mtDNA sequences used in the previous 
research chapter. From the original sample set of sequences, we took sequences from 
individuals specifically collected from the seven lakes used in this study, and grouped 
those sequences into the same three regions used here (Table 3.5). A pseudoexact G test 
and AMOVA were performed on the mtDNA sequences. 
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Results 
Microsatellite scoring 
Although a standard method for genotyping quality control has not been 
definitively established, some measures have been suggested for checking the quality of 
genotypic data. These include: (i) once loci have been scored, rescore a subset of 
genotypes to calculate error rate and ensure that scoring is accurate; (ii) ensure that all 
alleles are being amplified, test for homozygote excess patterns that are consistent with 
null alleles or large allele dropout; (iii) test data for linkage equilibrium between alleles at 
different loci; (iv) to ensure selective neutrality, test for outlier loci; and (v) perform 
defined crosses when possible to ensure Mendelian inheritance (Selkoe and Toonen 
2006). 
We encountered some difficulties in scoring loci, which were only apparent after 
we had analyzed a large number of individuals. For example, the BWF2 primer may have 
been amplifying two sections of the least cisco genome because one or two peaks were 
appearing within the previously published allelic range (Patton et al. 1997), but additional 
peaks were appearing outside of the previously published range. In roughly half the 
chromatograms, the two sets of peaks were distant from each other and could be scored. 
In the other chromatograms, however, but the two sets of peaks were so close in the 
remaining reports that they could not be scored reliably. We also encountered difficulties 
in amplifying DNA for CLC7. Figure 3.2 depicts the reductions in usable data, the high 
blue bars versus the low orange bars highlight the particular difficulties we encountered 
with BWF2 and CLC7.  
Descriptive statistics 
Descriptive statistics are reported in Table 3.3. Information for CLC7 and BWF2 
were included, although those loci had few data. Bold face type for HO and HE values 
indicated a significant p-value for Χ2 tests, indicating a departure from HWE. Highly 
aberrant FIS values (FIS < -0.1 or FIS > 0.1) were also in bold and were indicative of 
departure from HWE. On a lake-by-lake basis, the only locus that conformed to HWE 
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was CLB129. The other loci either lacked sufficient data or departed from HWE at 
certain lakes.  
CLB129 vs. mtDNA 
 When the three-region data for CLB129 were compared to the three-region data 
for mtDNA, both DNA types had significant P-values for homogeneity tests, indicating 
that genetic compositions varied across the three regions at the nuclear and mitochondrial 
DNA level (Table 3.6). However, FST values calculated from the AMOVA differ between 
the DNA types. FST was an order of magnitude greater and significant for mtDNA, while 
FST was not significant for CLB129 (Table 3.6). 
Discussion 
Multilocus allele frequency data provide information about population of origin 
for individuals and how many populations are found in a specific region (Selkoe and 
Toonen 2006). Highly polymorphic sequence or microsatellite data provide information 
about a population’s recent evolutionary history, such as whether it expanded or 
contracted in the past, and how the sizes of past populations compare to the sizes of 
current populations (Selkoe and Toonen 2006). Multilocus genotype data provide 
information about the genetic relationships among individuals and whether individuals 
have moved (Selkoe and Toonen 2006).  
We encountered a number of difficulties with the analyses of our microsatellite 
data, and these difficulties likely stemmed from several conditions we did not foresee at 
the outset of this study. On a lake-by-lake and locus-by-locus basis, Χ2 tests and FIS 
values indicated inconsistent patterns of departure from HWE. In some cases, certain loci 
did not successfully amplify for individuals from specific lakes (e.g. CLC101, CLC7, and 
CLC4 for lake 567), which further limited data availability for statistical analyses. In 
light of these data limitations, we chose to only use data from one microsatellite locus, 
CLB129, and compare these data to mtDNA sequence data collected in the previous 
research chapter. We ran these analyses with the data grouped into three regions. Group 
one comprised lakes 128 and 161, group two comprised lakes 216, 276, and 306, and 
group three comprised lakes 566 and 567. Homogeneity tests among groups were 
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significant for both types of DNA, which indicated that AMOVA analyses could be run. 
However, the AMOVAs yielded very different results for CLB129 and mtDNA. FST for 
CLB129 was 0.00624 and not significant, while ΦST for mtDNA was 0.08167 and 
significant.  
Even though the same individuals were used in the CLB129 and mtDNA analyses, 
several factors may explain why FST values differ so greatly: (i) small sample size, 
especially considering only one microsatellite locus was used; (ii) different mutations 
rates between mtDNA and microsatellite DNA; and (iii) different modes of inheritance. 
Microsatellite DNA is diploid and inherited from both parents, while mtDNA is haploid 
and maternally inherited. Maternal inheritance reduces Ne by one-fourth. This value, 
accompanied with migrations rate (m), is part of the migration-drift equilibrium and is 
used in calculating FST (FST = 1/(4Nem + 1). A small Ne is more affected by genetic drift, 
but migration can counteract the effects of drift because new alleles may be introduced to 
populations through migrants. However, insufficient data limit the confirmation of any of 
these speculations. 
Future landscape genetics studies of least cisco 
Least cisco are highly mobile and inhabit a hydrographic landscape in which 
water bodies are intricately connected, and we suggest that historical migration, 
extinction, and colonization dynamics were important factors shaping the genetic 
relationships among groups of least cisco. Ultimately, Alaskan least cisco may have 
functioned as a metapopulation historically, but present populations are too isolated to be 
considered a metapopulation. An investigation of least cisco population genetics 
accompanied with an investigation of their seasonal distribution in northern Alaska 
would create a more informed picture of how these highly mobile species are utilizing the 
landscape. For fish that are highly mobile, such as the least cisco, surface level 
connectivity may shape the population genetic structure by allowing corridors for 
migration or barriers to gene flow. Additionally, climate change might affect surface 
water connectivity in the future, with unknown consequences to fish populations. The 
broad distribution of least cisco makes them a good indicator species of what might be 
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occurring to other fish populations on the Arctic Coastal Plain.  
Changes in overall water balance, timing and magnitude of seasonal water and 
energy fluxes resulting from climate change could significantly alter the aquatic and 
semi-aquatic habitats of the Arctic Coastal Plain (Martin et al. 2009). Drier conditions are 
already being detected on the Coastal Plain as precipitation fails to compensate for 
evapotranspiration (Hinzman et al. 2005), a process that plays a key role in Arctic 
hydrology, and becomes stronger as temperatures rise (Bowling et al. 2003; Kane 1997). 
As the rate of evapotranspiration can be limited by water or energy availability, the 
degree to which evapotranspiration affects hydrology will vary seasonally. The effects 
are expected to be most strongly felt in summer, when drying will occur earlier in the 
season and to a greater degree. Energy is limited in the fall and water is limited in the 
winter, so evapotranspiration will not have as great an effect in those seasons (Martin et 
al. 2009). Winter conditions will be more affected by changes in snow cover, 
consequently impacting Arctic lake heat budgets because increased snow cover will 
provide more insulation and thereby thin ice cover (Schindler and Smol 2006). As winter 
turns to spring, the thinner ice melts more quickly, especially in warmer air temperatures, 
causing earlier ice-out and rises in water temperature (Martin et al. 2009). These changes 
in water flow, water temperature and air temperature will ultimately affect individual 
fitness and population resilience of Arctic organisms (Svenning and Gullestad 2002). 
The process through which the data were compiled in this study provided valuable 
insights for future research. A number of reasons may underlie the HWE departures and 
inconsistent FST patterns seen in our data. Insufficient data, coupled with poor data 
quality are the most likely reasons. Microsatellite markers, and other nuclear DNA loci, 
should be specifically designed for least cisco so that primers could be optimized much 
more easily during the PCR process. The original design of this study, which assumed a 
rather static view of the subpopulation structuring of least cisco, should also be altered. 
Individual lakes may not represent individual subpopulations as initially assumed, and 
more dynamic dispersal processes may be at work. Samples should also be collected from 
more of the smaller lakes on the Arctic Coastal Plain as well as from larger water bodies 
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such as Teshekpuk Lake, Smith Bay, Admiralty Bay, Elson Lagoon, Iko Bay, Peard Bay, 
and Wainwright Inlet. Additionally, resampling of sites in different seasons and spawning 
aggregations will provide information on population admixture during migration periods. 
Other variables such as the age and sex of each fish caught and used in the genetic 
analysis might provide insight about generation overlaps and sex ratios. 
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Fig. 3.1. Lakes from which least cisco were collected. 
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Fig. 3.2. Microsatellite sample size histograms. 
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Table 3.1. Number of samples collected, location, surface area, volume and % unfrozen. 
Lake n Latitude (N) 
Longitude 
(W) 
Surface Area 
(m2) Volume (m
3) % Unfrozen in April 
128 30 70.7761 155.64038 3,636,109.73 6,026,782.78 could not be est. from SAR 
161 20 70.772529 155.502532 593,398.61 669,420.01 could not be est. from SAR 
216 21 70.694496 155.250717 2,465,118.73 4,753,278.87 75.6 
276 16 70.672782 154.858108 1,128,528.77 806,132.60 57.1 
306 19 70.646713 155.273345 571,342.43 1,258,718.48 89.9 
566 10 70.488571 154.477798 435,748.47 753,248.35 87.7 
567 14 70.484199 154.524398 2,357,276.02 2,635,138.93 64.2 
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Table 3.2. Description of microsatellite markers used in this study. 
Name Primer Sequence (5'-3') Species Ta (°C) Reference 
Aut139   F: GGG TAA AGC AGA ATG AC C. autumnalis 50 Ramey et al 2008 
 R: GGG AGT GTG TTT GTC T    
BWF2 F: CGG ATA CAT CGG CAA CCT CTG C. nasus 50 Patton et al 1997 
 R: AGA CAG TCC CCA ATG AGA AAA    
CLC4 F: CTC GAT CAT TGA TTG GTA 
AC*PET C. laurettae 50 Schlei, FWS 
 R: AAT GCA AGT ATG GGT ATT CAG A    
CLC7 F: CCT CGT TGA TCT TAT AGA TGT 
C*VIC C. laurettae 50 Schlei, FWS 
 R: CCA ACC TAA GTG TAT GTA AAC C    
CLB129 F: GCT TGG GAG ATT GGA GTC*PET C. laurettae 50 Schlei, FWS 
 R: GCC TGG TCT TTA TGA ATG C    
CLC101 F: TTA TCA GGA CGT AAC CAT CAT 
C*6-FAM C. laurettae 50 Schlei, FWS 
 R: GGA TTA AAT GTC AGG AAT TGT G    
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Table 3.3. Descriptive statistics for microsatellite loci by site. 
Lake ID CLB129 CLC101 CLC7 Aut139 CLC4 BWF2 
128 n 21 28 0 25 28 14 
 na 21 3 0 4 6 7 
n unique genotypes 20 6 0 7 6 8 
 HO 0.905 0.429 0.000 0.360 0.571 0.214 
 HE 0.956 0.532 0.000 0.561 0.572 0.778 
 neff 22.660 2.139 1.000 2.277 2.337 4.500 
 Fis 0.053 0.195 N/A 0.358 0.001 0.724 
161 n 18 26 11 21 21 14 
 na 16 3 3 6 4 9 
n unique genotypes 15 6 4 6 7 9 
 HO 0.889 0.269 0.636 0.333 0.476 0.429 
 HE 0.924 0.588 0.558 0.345 0.632 0.825 
 neff 13.125 2.429 2.265 1.527 2.716 5.727 
 Fis 0.038 0.542 -0.140 0.034 0.246 0.481 
216 n 24 23 14 23 20 10 
 na 15 4 3 3 3 3 
n unique genotypes 19 6 4 4 4 4 
 HO 0.875 0.609 0.643 0.435 0.500 0.500 
 HE 0.909 0.529 0.521 0.428 0.529 0.511 
 neff 10.952 2.125 2.088 1.748 2.125 2.043 
 Fis 0.037 -0.150 -0.234 -0.016 0.056 0.021 
276 n 19 21 5 20 20 6 
 na 19 2 2 3 3 3 
n unique genotypes 18 3 2 4 4 3 
 HO 0.947 0.333 0.800 0.400 0.450 0.667 
 HE 0.950 0.396 0.533 0.412 0.499 0.545 
 neff 20.084 1.656 2.143 1.699 1.995 2.200 
 Fis 0.003 0.158 -0.500 0.028 0.098 -0.222 
306 n 25 26 14 26 25 20 
 na 15 3 3 2 3 6 
n unique genotypes 18 4 5 2 4 7 
 HO 0.880 0.538 0.571 0.077 0.440 0.400 
 HE 0.874 0.456 0.635 0.075 0.474 0.487 
 neff 7.955 1.839 2.739 1.082 1.902 1.950 
 Fis -0.007 -0.180 0.100 -0.020 0.072 0.179 
566 n 15 13 0 14 8 8 
 na 15 2 0 1 2 4 
n unique genotypes 14 3 0 1 3 5 
 HO 0.933 0.462 0.000 0.000 0.250 0.250 
 HE 0.949 0.443 0.000 0.000 0.500 0.675 
 neff 19.775 1.796 1.000 1.000 2.000 3.077 
 Fis 0.017 -0.042 N/A N/A 0.500 0.630 
567 n 9 0 0 26 0 8 
 na 10 0 0 3 0 6 
n unique genotypes 9 0 0 4 0 5 
 HO 0.889 0.000 0.000 0.231 0.000 0.250 
 HE 0.876 0.000 0.000 0.411 0.000 0.683 
 neff 8.053 1.000 1.000 1.698 1.000 3.158 
 Fis -0.015 N/A N/A 0.439 N/A 0.634 
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Table 3.4. Tests of homogeneity for all loci. 
 Number of populations P-value 
CLB129 Genic Test 
All lakes 7 P< 0.000 
3 regions 3 P< 0.000 
128/161 2 0.27644 ±0.00973 
216/276/306 3 P< 0.000 
566/567 2 0.08261 ±0.00497 
BWF2 Genotypic Test 
All lakes 7 NA 
3 regions 3 P< 0.000 
128/161 2 0.17592 ±0.00529 
216/276/306 3 P< 0.000 
566/567 2 0.81196 ±0.00344 
CLC101   
All lakes 7 0.00267 ±0.00155 
3 regions 3 0.00206 ±0.00068 
128/161 2 0.85241 ±0.00258 
216/276/306 3 0.02457 ±0.00259 
566/567 2 NA 
Aut139   
All lakes 7 NA 
3 regions 3 0.01359 ±0.00276 
128/161 2 0.06047 ±0.00297 
216/276/306 3 0.0153 ±0.00116 
566/567 2 0.01372 ±0.00092 
CLC4   
All lakes 7 0.00291 ±0.00113 
3 regions 3 0.07026 ±0.00600 
128/161 2 0.18207 ±0.00567 
216/276/306 3 0.00231 ±0.00061 
566/567 2 NA 
CLC7   
All lakes 7 0.2359 ±0.00949 
3 regions 3 0.095 ± 0.00307 
128/161 2 NA 
216/276/306 3 0.32515 ± 0.00646 
566/567 2 NA 
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Table 3.5. mtDNA sequences used for comparison to CLB129. 
Region n n Haplotypes 
128/161 29 15 
216/276/306 23 7 
566/567 14 7 
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Table 3.6. Comparison of CLB129 and mtDNA data for three regions. 
  3 Regions    P (homogeneity) FST P (FST) 
CLB129    P < 0.000 0.00624 0.48944 ± 0.00159 
mtDNA P < 0.000 0.08167 0.00017 ± 0.00004 
 
 
 99 
General conclusions 
In the first research chapter, a combination of analyses helped build a detailed 
interpretation of the evolutionary history of least cisco (Coregonus sardinella) in Alaska. 
This is the first report of a phylogeographic analysis of least cisco in Alaska, and they 
suggest that the least cisco’s evolutionary history is different from other Coregonus 
species in Alaska. It showed that least cisco are relatively diverse across Alaska, with 68 
unique haplotypes found in 305 individuals. FST values indicate incipient genetic 
differentiation, especially between the Arctic Ocean Drainage and the Bering Sea 
Drainage groups. The haplotype network and phylogeny show little evidence of 
geographic segregation among haplotypes, suggesting high levels of gene flow. But some 
haplotype groups in the network are restricted to a region, although it is not possible to 
draw a one to one match between haplotype groups and regions when examining the 
entire network. Overall, the data show that a large proportion of genetic variation is 
shared across Alaska, but this variation is not homogenously distributed across all regions 
and for all haplotype groups. The second research chapter concentrated on least cisco 
distributed in freshwater lakes across the Arctic Coastal Plain of Alaska. Little is known 
about these lake populations, including life history patterns and population genetic 
structure. We collected least cisco from eight Arctic Coastal Plain lakes, and genotyped 
six microsatellite loci for each sample. Four of the six loci were not in overall HWE, 
suggesting that individual lakes may not represent individual subpopulations as initially 
assumed. Overall, the data from my research suggest that least cisco populations are 
currently isolated from one another. Isolation also occurred historically, accounting for 
divergence among major clades. But general recontact events occurred as isolated 
populations migrated and colonized new habitats, accounting for the heterogeneity found 
across Alaska. Ultimately, Alaskan least cisco may have functioned as a metapopulation 
historically, but present populations are too isolated to be considered a metapopulation 
today. 
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Appendix 
Appendix A1.1. Microsatellite allele frequencies by lake. 
Allele Lake 128 Lake 161 Lake 216 Lake 276 Lake 306 Lake 566 Lake 567 
Locus: CLC101 
128 0.179 0.231 0.283 0.262 0.192 0.308 0.000 
 132 0.643 0.577 0.630 0.738 0.712 0.692 0.000 
 136 0.179 0.192 0.022 0.000 0.096 0.000 0.000 
 140 0.000 0.000 0.065 0.000 0.000 0.000 0.000 
Locus: CLC7 
286 0.000 0.045 0.000 0.000 0.000 0.000 0.000 
 290 0.000 0.545 0.357 0.600 0.429 0.000 0.000 
 294 0.000 0.000 0.036 0.000 0.143 0.000 0.000 
 298 0.000 0.409 0.607 0.400 0.429 0.000 0.000 
Locus: Aut139 
139 0.000 0.024 0.000 0.000 0.000 0.000 0.000 
 145 0.620 0.810 0.739 0.750 0.962 1.000 0.731 
 147 0.000 0.024 0.000 0.000 0.000 0.000 0.000 
 151 0.160 0.048 0.152 0.175 0.038 0.000 0.250 
 153 0.200 0.048 0.109 0.075 0.000 0.000 0.019 
 155 0.020 0.048 0.000 0.000 0.000 0.000 0.000 
Locus: CLC4 
140 0.018 0.119 0.025 0.000 0.160 0.000 0.000 
 144 0.518 0.405 0.550 0.625 0.700 0.375 0.000 
 148 0.411 0.452 0.425 0.350 0.140 0.625 0.000 
 150 0.000 0.000 0.000 0.025 0.000 0.000 0.000 
 152 0.018 0.000 0.000 0.000 0.000 0.000 0.000 
 156 0.000 0.024 0.000 0.000 0.000 0.000 0.000 
 160 0.018 0.000 0.000 0.000 0.000 0.000 0.000 
 164 0.018 0.000 0.000 0.000 0.000 0.000 0.000 
Locus: CLB129 
295 0.000 0.056 0.000 0.000 0.000 0.000 0.056 
 299 0.000 0.000 0.000 0.000 0.060 0.000 0.000 
 303 0.000 0.000 0.000 0.053 0.040 0.000 0.000 
 307 0.000 0.000 0.021 0.000 0.000 0.000 0.000 
 311 0.048 0.056 0.000 0.053 0.020 0.000 0.000 
 315 0.024 0.139 0.063 0.026 0.000 0.000 0.111 
 319 0.048 0.000 0.000 0.000 0.000 0.033 0.056 
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Table A1.1 continued       
Allele Lake 128 Lake 161 Lake 216 Lake 276 Lake 306 Lake 566 Lake 567 
 323 0.071 0.000 0.000 0.000 0.000 0.000 0.000 
 331 0.024 0.000 0.000 0.000 0.000 0.000 0.000 
Allele Lake 128 Lake 161 Lake 216 Lake 276 Lake 306 Lake 566 Lake 567 
Locus: CLB129 
 351 0.024 0.028 0.000 0.026 0.000 0.000 0.000 
 355 0.024 0.000 0.000 0.000 0.000 0.067 0.000 
 359 0.000 0.000 0.000 0.000 0.000 0.000 0.056 
 373 0.000 0.028 0.000 0.000 0.000 0.000 0.000 
 377 0.024 0.000 0.000 0.000 0.000 0.000 0.000 
 381 0.000 0.028 0.000 0.026 0.020 0.000 0.000 
 385 0.095 0.028 0.125 0.026 0.000 0.000 0.000 
 389 0.024 0.028 0.000 0.000 0.000 0.000 0.000 
 393 0.048 0.139 0.021 0.000 0.040 0.000 0.000 
 399 0.048 0.000 0.104 0.000 0.000 0.067 0.000 
 403 0.024 0.000 0.021 0.026 0.040 0.067 0.000 
 407 0.024 0.083 0.000 0.053 0.140 0.000 0.056 
 411 0.024 0.028 0.125 0.053 0.120 0.167 0.167 
 415 0.095 0.056 0.167 0.079 0.020 0.033 0.000 
 419 0.071 0.056 0.167 0.026 0.060 0.033 0.000 
 423 0.095 0.028 0.063 0.132 0.020 0.067 0.000 
 427 0.119 0.194 0.021 0.053 0.300 0.067 0.333 
 431 0.024 0.000 0.000 0.026 0.000 0.067 0.056 
 435 0.000 0.000 0.000 0.132 0.060 0.000 0.056 
 439 0.000 0.028 0.021 0.053 0.040 0.100 0.056 
 443 0.000 0.000 0.000 0.026 0.000 0.067 0.000 
 447 0.000 0.000 0.042 0.105 0.000 0.067 0.000 
 451 0.000 0.000 0.021 0.000 0.020 0.000 0.000 
 455 0.024 0.000 0.021 0.026 0.000 0.067 0.000 
 459 0.000 0.000 0.000 0.000 0.000 0.033 0.000 
 
